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Effects of time of maize silage supplementation on herbage intake, 
milksolids production, N partitioning and rumen function of 
lactating dairy cows 
by  
Omar Al-Marashdeh 
The effect of the time of maize silage supplementation relative to a short (4-5 hours) herbage 
meal on herbage dry matter (DM) intake, milksolids (MS) production, nitrogen (N) partitioning 
and rumen function of lactating dairy cows, was examined in three indoor and one outdoor 
grazing trial.  
In the first 2 experiments, cows were fed 3-5 kg DM of maize silage either at 9 (9BH) or 1 
(1BH) hour before a short (4 hours) herbage (perennial ryegrass-white clover) meal indoors. 
Herbage DM intake was similar between 1BH (6.6 kg DM/cow/day) and 9BH (6.7 kg 
DM/cow/day) in early lactation, but higher for 9BH (11.2 kg DM/cow/day) than 1BH (10.4 kg 
DM/cow/day) in mid lactation. Milk yield and MS production were higher for 9BH than 1BH 
in mid lactation (18.8 vs 15.4 and 1.63 vs 1.48 kg/cow/day, respectively), but similar between 
9BH and 1BH in early lactation (16.7 vs 16.6 and 1.41 vs 1.33 kg/cow/day, respectively). 
Feeding 5 kg DM of maize silage at 9 rather than 1 hour before an intensive herbage meal 
altered the population of the rumen as shown by an 16% increase in the glucogenic precursor 
supply (propionate). Feeding maize silage at 9 rather than 1 hour before an intensive herbage 
meal improved utilization of ruminal NH3-N and increased the ratio of purine derivatives to 
creatinine, suggesting greater microbial protein production. However, these changes were 
transitory and were not reflected in the proportion of N intake excreted in milk, urine or faeces. 
Non-esterified fatty acid concentration was higher for 1BH than 9BH in early (0.41 vs 0.27 
mmol/l, respectively) and mid (0.084 vs 0.056 mmol/l, respectively) lactation, suggesting that 
feeding maize silage at 9 rather than 1 hour before short herbage meal reduced mobilization of 
the cows fat reserve and thereby, the risk of ketosis. 
In the third experiment, late lactation dairy cows were fed cut herbage (perennial ryegrass-white 
clover) indoors and offered either no supplement (herbage only, control), or 3 kg DM maize 
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silage at 1 (1BH) or 9 (9BH) hours before the herbage meal. Total DM intake (kg DM/cow/day) 
was lower for control (13.7) than 1BH (15.09) and 9BH (15.9). The substitution rate (herbage 
kg DM per kg DM of maize silage) was higher for 1BH (0.56) than 9BH (0.31). However, MS 
production did not significantly differ between 1BH and 9BH. Faecal N excretion was higher, 
and the proportion of N intake excreted in urine and the urine to faecal N ratio were lower for 
supplemented than control cows. The peak concentration of ruminal NH3-N was 20% lower for 
supplemented than control cows. Nitrogen excreted in faeces and urine was higher for 9BH 
than 1BH, mainly due to higher N intake (362 vs 342 g N/cow/day, respectively). 
In the fourth experiment, late lactation dairy cows were offered a herbage (perennial ryegrass-
white clover) meal grazed at pasture for 5 hours and fed either no supplement (herbage only, 
control), or 3 kg of maize silage at 2 (2BH) or 9 (9BH) hours before herbage. Herbage DM 
intake was higher for control than supplemented cows, and higher for 9BH than 2BH (11.1, 
10.1 and 10.9 kg DM/cow/day for control, 2BH and 9BH, respectively). Intake rate (g herbage 
DM/min) was lower for 2BH (41.5) than 9BH (44.6) and control (45.3). The substitution rate 
(herbage kg DM per kg DM of maize silage) was higher for 2BH (0.47) than 9BH (0.19). 
However, MS production was similar between treatments (1.12, 1.2 and 1.26 kg MS/cow/day 
for control, 2BH and 9BH, respectively). Body weight (BW) loss was less for supplemented 
than control cows (-0.95, -0.44, -0.58 kg/cow/day for control, 2BH and 9BH, respectively). 
Faecal N excretion and the purine derivatives to creatinine ratio were higher, and the urine to 
faecal N ratio was lower for supplemented than control cows, suggesting higher microbial 
protein production with maize silage supplementation. The N concentration of urine and total 
urinary N excretion were not affected by supplementation or time of supplementation. Non-
esterified fatty acid concentration (mmol/l) was higher for control (0.3) than 2BH (0.15) and 
9BH (0.13). 
Overall, the research showed that under a restricted herbage feed situation where cows had 4-5 
hours access to herbage, feeding maize silage at 9 rather than 1 or 2 hours before the herbage 
meal reduced the substitution rate of herbage, and increased the MS response. Under a 
restriction herbage feed situation, maize silage supplementation had limited effect on the 
concentration N and total N excretion in urine due to a small change in N intake being observed. 
Feeding maize silage at 9 rather than 1 hour before an intensive herbage meal resulted in a small 
effect on N partitioning to milk, urine, or faeces.  
Keywords: cow, herbage, maize silage, time of supplementation, nitrogen partitioning, 
milksolids response, substitution rate, feed restriction. 
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Chapter 1 
Introduction 
1.1 Introduction 
Herbage is a low cost source of nutrients for dairy cows, with production systems showing 
strong linkage between herbage supply and animal demand. However, over the annual cycle, 
variations in herbage growth rate and nutrient composition occur, which may cause herbage to 
be insufficient to meet the animal requirements (Penno et al., 2006a). In New Zealand pastoral 
systems, and because crude protein (CP) content is largely in excess to animal requirements 
(Ledgard et al., 1999), metabolisable energy (ME) is the first limiting nutrient for production 
(Clark & Woodward, 2007). In New Zealand pasture, ME concentration reaches a peak in 
spring before declining during summer, and reaches the lowest value in autumn (Litherland & 
Lambert, 2007). In addition, herbage quantity is highly seasonal. Herbage growth rate ranges 
from 9 to 23 kg dry matter (DM)/ha/day in winter and from 17 to 81 kg DM/ha/day in summer 
(Valentine & Kemp, 2007). This implies that during periods of year, and particularly, winter, 
early spring and late autumn, herbage is insufficient to meet cows demand. Therefore, 
supplements other than the herbage, such as conserved feeds or concentrates are needed to 
overcome the feed availability gap by increasing the nutrient supply during the periods of low 
herbage quality or quantity. 
Nitrogen (N) fertilizer is successfully used to promote herbage growth and fill feed deficits. 
However, this may create a mismatch between plant N content and N requirement for milk 
production; this is associated with imbalances between N and energy supply to the animal. De 
Klein et al. (2010) reported that 75 to 90% of the N ingested by dairy cows is excreted because 
of an imbalance between the plant requirement of N for optimum growth, and the N requirement 
for milk production, with approximately 50% of N ingested excreted in urine (Bannink et al., 
1999b; Broderick, 2005). Excess N in the urine patch relative to plant N requirement is readily 
leached to the ground water in the form of nitrate. Management of nitrate leaching is one of the 
most pressing issues facing dairying today in New Zealand, and thus mitigation strategies are 
sought (Chapman et al., 2012). These include those based on supplement strategies to reduce N 
intake and restricted grazing scenarios. 
Reducing the time cows have access to the pasture is a feeding strategy that may be used to 
reduce urinary deposition onto the pasture (Gregorini et al., 2010b; McLeod et al., 2009). This 
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could be achieved through dairy cows consuming their daily herbage DM intake quickly before 
being moved to a stand-off area, where urine and faeces can be collected and spread efficiently. 
However, acute feed restriction (e.g. 4-5 hours access time to the pasture) can limit production 
of dairy cows (Pérez-Ramírez et al., 2008), and supplements with high energy and low N 
content may be used to moderate the impact of feed restriction and maintain productivity.  
The main purposes of feeding supplement are to increase total nutrient intake and improve 
productivity per animal or per unit of land (Bargo et al., 2003). Using supplement results in a 
short-term milksolids response to the additional DM intake (Penno et al., 2006b) and a long-
term milksolids response to the increase in stocking rate and extended lactation length (Dalley 
et al., 2005). However, supplements are usually more expensive than herbage and, therefore, 
supplements should be only used when it will provide a return over cost. Many factors need to 
be considered in order to maximize the supplementation return such as type and amount of 
supplement, herbage allowance, season, and stage of lactation (Horan et al., 2005; Khalili & 
Sairanen, 2000; Penno et al., 2006a; Peyraud & Delaby, 2001; Stakelum, 1993; Woods et al., 
2005). These factors have been extensively discussed and reviewed  by several researchers such 
as Bargo et al. (2003) and Clark and Woodward (2007). These reviewers showed that 
substitution rate (SR), which is the reduction in herbage DM intake (kg) per kg of supplement 
eaten, is the key factor in determining the milk response to the supplement; milk response (kg 
milksolids per kg DM supplement offered) increases with a decrease in SR. However, relative 
energy deficit (animal’s energy intake relative to requirements) can determine the response and 
SR at the time when the supplement is fed. Furthermore, substitution rate increases and milk 
response decreases with an increase in herbage allowance (Bargo et al., 2002a).  
A further factor that may potentially affect the response to supplement is the frequency and 
time of supplementation. Frequency of supplementation is a fundamental management practice 
that might be used to improve animal performance and reduce the cost per unit of production. 
For example, reducing the frequency of supplementation once per day to every 3 days or weekly 
can decrease labour and equipment costs associated with supplements and may have the 
potential of increase profit. Researchers has shown little effect on body weight (BW) or body 
condition score (BCS) of beef by decreasing the frequency of supplementation of beef cattle 
from daily to 3 times per week or weekly (Currier et al., 2004; Farmer et al., 2001; Huston et 
al., 1999). Time of supplementation was also reported to affect herbage intake, SR (Adams, 
1985; Hess et al., 2002) and milksolids response (Sheahan et al., 2013). In this context, shifting 
the time of supplementation relative to the main herbage meal has been suggested as a strategy 
to improve dairy cow’s performance and reduce N loss to the environment through N excretion 
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(Cabrita et al., 2006). Gregorini et al. (2010b) studied the digestibility, fermentation and N flow 
during continuous culture fermentation of herbage only and herbage plus maize silage fed either 
1 hour or 9 hours before a single herbage meal. The results indicate that silage allocation at 9 
rather than 1 hour prior to herbage meal altered the products of digestion, increased glucogenic 
nutrient supply by 13% to the host animal, and improved N utilization by reducing ammonia N 
losses by 30%. However, they suggested an in vivo study was needed to confirm these results.  
Maize silage is an important supplement used to support pasture and feed management where 
feed deficits occur in New Zealand dairy systems (de Ruiter et al., 2007). Over four  complete 
seasons of lactation for dairy cows, Dalley et al. (2005) showed an average response of 80 g 
milksolids/kg DM supplement in response to feeding approximately 1000 kg DM maize 
silage/cow/year. Maize silage is characterised by low N and relatively high energy content (12.8 
g N and >10.8 MJ/kg DM, respectively) (de Ruiter et al., 2007). Therefore, maize silage is 
commonly used in pastoral systems to dilute excess N usually supplied by herbage and, 
subsequently, reduce N excretion (Ledgard et al., 2000; Valk, 1994).  
This thesis examines the use of maize silage in a restricted herbage feed situation, which may 
be akin to a farmer giving cattle access to a break of herbage for a short period before returning 
animals to stand-off pad where maize is offered. Specifically, it addressed how the time of 
maize silage supplementation, either 1-2 hours or 9 hours prior to a relative short (4-5 hours) 
bout of herbage may affect herbage DM intake, milksolids production, SR, grazing behaviour, 
rumen function and N partitioning of dairy cows.    
2.2 Research aim and objective 
The aim of this study was to examine the effect of feeding maize silage either 1 or 9 hours 
before a short and intensive herbage meal on DM intake, milk production, grazing behaviour, 
N partitioning and rumen function of lactating dairy cows. The specific objectives of the thesis 
were to: 
1) Examine the effect of feeding maize silage either 1 or 9 hours before an intensive 
herbage meal on milk production, N partitioning and rumen function of early and mid 
lactation dairy cows, when herbage was restricted during the grazing bout.   
2) Examine the effect of feeding maize silage either 1 or 9 hours before an intensive 
herbage meal on SR, herbage DM intake, milk production, N partitioning and rumen 
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function of late lactating dairy cows, when herbage was unrestricted during grazing 
session. 
3) Examine the effect of feeding maize silage either 1 or 9 hours before an intensive 
herbage meal on substitution rate, herbage DM intake, milk production, grazing 
behaviour, N partitioning and rumen function of late lactating dairy cows grazing 
pasture.    
1.3 Thesis structure 
This thesis consists of six chapters. Chapter Two reviews the literature for the frequency of 
supplementation (weekly and daily) and time of supplementation effect on cattle performance 
and N loss to the environment. The remaining chapters report on 4 experiments (three indoor 
and one outdoor) considering the effect of feeding maize silage at two different times before an 
intensive herbage meal on animal performance, N partitioning and rumen function of lactating 
dairy cows. More details outlining thesis structure are described in Figure 1.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
General discussion 
Figure 1.1 Flow diagram showing thesis structure. 
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Chapter 2 
Literature review 
The purpose of this review is to examine the effect of the frequency and time of supplementation 
on dry matter (DM) intake, substitution rate (reduction in grass DM intake per kg of supplement 
eaten; SR), milk production, body weight (BW) gain, rumen function and nitrogen (N) 
partitioning of cattle. This literature review builds on the body of literature established 
elsewhere on the effect of supplementation on the performance of cattle that addresses issues 
of the amount and type of supplement, herbage allowance and the relative energy deficits 
(Bargo et al., 2003; Clark & Woodward, 2007). The key feature to emerge from this literature 
is that the response of dairy cows to supplementation is varied and, for grazing dairy cows, can 
range from 40 to 136 g milksolids (MS)/kg DM of supplement (Bargo et al., 2003). The benefit 
of supplement may be reflected in short and long-term responses. Short-term MS response to 
supplement indicates the immediate benefit of supplement relative to herbage only. The long-
term response considers the increase in stocking rate, increase in lactation length, improvement 
in herbage utilisation and improvement in reproduction and body condition score (BCS) 
(Kellaway & Porta., 1993) associated with SR. The literature shows further that the SR, in 
which animals substitute herbage with supplement is the key factor determining the response 
of the animal to supplement (Bargo et al., 2003; Clark & Woodward, 2007). The MS response 
increases with decreasing SR. Herbage allowance, supplement type and amount, and the 
relative energy deficits are factors which strongly affect SR and the subsequent response of 
animal to the supplement (Bargo et al., 2003; Clark & Woodward, 2007; Penno et al., 2006a; 
Penno et al., 2006b). Production response decreases and SR increases with increasing herbage 
allowance. Substitution rate increases and milk response decreases with increasing supplement 
amount. Substitution rate decreases and milk response increases with increasing animal relative 
energy deficits (Bargo et al., 2003; Clark & Woodward, 2007). 
In addition to the factors outlined, production response is affected by three aspects of the 
frequency and time of supplementation; namely: 
i. The number of supplementation events over a weekly period
ii. The number of supplementation events each day
iii. The time of supplementation within day relative to herbage meal
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In each section, the effect of supplement on forage and total DM intake, live weight gain, milk 
production, rumen function and N partitioning is examined.  
2.1 Weekly frequency of supplementation 
2.1.1 Dry matter intake and animal performance 
The effect of infrequent supplementation on performance has been examined extensively in 
beef cattle. A summary of results of the effect of supplementation frequency on DM intake, 
BW and BCS of beef cattle is shown in Appendix A, and indicate contrasting patterns. There 
were no differences in forage or total DM intake, BW or BCS for beef cows consuming low 
quality grass and supplemented with same amount of cotton seed meal (6.37 kg DM/cow/week) 
either daily, three times or once per week (Huston et al., 1999). Similarly, Farmer et al. (2004b) 
showed no effect of supplementation frequency on BW or total DM intake of Angus x Hereford 
steers grazing low quality tall grass and supplemented with soybean meal and sorghum-based 
supplement. On the other hand, forage and total DM intake were lower and loss of BW was 
greater when the supplementation frequency of sunflower/ soybean meal for beef cows 
consuming low quality forage was reduced from two to seven times per week (Farmer et al., 
2001). Moreover, Beaty et al. (1994) studied the importance of CP level (10%, 20%, 30% or 
40%) in soybean/ sorghum-based supplement  fed either daily or three times per week for steers 
and beef cows consuming wheat straw and tallgrass prairie pasture, respectively. Straw and 
total DM intake were lower, and DM and neutral detergent fibre (NDF) digestibility were 
greater for steers fed the supplement three times per week than those fed the supplement daily. 
For beef cows, less frequent supplementation increased BW loss, with no interaction between 
the level of CP and the frequency of supplementation. This contradictory result suggests that 
different factors such as the type and amount of supplement could be involved in determining 
the success of an infrequent supplementation feeding strategy.  
Generally infrequent supplementation results in an inconsistent daily forage and total DM 
intake compared with daily feeding, and usually ruminants under infrequent supplementation 
eat less forage on the day of supplementation than the day after supplementation  (Drewnoski 
& Poore, 2012; Loy et al., 2007). Drewnoski et al.  (2011) reported that on the day of 
supplementation, hay DM intake decreased and total DM intake increased for steers 
supplemented three or two times per week compared with the control (no supplement) or those 
supplemented daily. Regardless of the inconsistency of forage and supplement intake, 
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maintaining animals average total DM intake at the same level as supplementing daily is a real 
challenge when infrequent supplementation is applied.  
The number of supplementation events per week, supplement type and amount, and the 
interaction between them are factors that may affect returns of infrequent supplementation 
strategy in terms of animals’ DM intake and subsequent performance. For example, Stalker et 
al. (2009) showed a reduction in crossbred heifers hay and total DM intake and NDF 
digestibility when dry distiller grain supplementation frequency decreased from daily to every 
second or third day. This was attributed to the interaction between supplement type and the 
number of supplementation events; the high lipid content of the supplement used in the study 
of Stalker et al. (2009) resulted in a depression of fibre digestion. Further, on the day of 
supplementation, heifers supplemented every second and third days were offered 33 and 50% 
of their diet as distiller dry grain, respectively, adding 3 and 5% fat to the diet (Stalker et al., 
2009).  
Decreasing the frequency of supplementation results in an increase in the amount of supplement 
per supplementation event; however, some type of feed supplements, such as non-protein 
nitrogen and particularly urea, need to be fed in small amounts to ensure animal safety and 
ability to consume the full offered amount. Farmer et al. (2004b)  showed an increase in 
supplement refusal of beef cows as the level of degradable intake protein from urea increased, 
with the highest level of refusal occurring at  the highest level of urea supplemented (45% of 
degradable intake protein from urea), and higher for beef cows supplemented three times per 
week compared with those supplemented daily (Table 2.1). Therefore, less severe 
supplementation frequency (higher number of supplementation events per week) should be 
applied when urea, for example, is used as a supplement.  
Although Coleman & Wyatt (1982) reported no detrimental effects on animal performance 
when protein supplement was fed every 96 hours at 0.15% of BW per day, using a higher level 
of supplement (0.36% of BW per day) resulted in BW loss for steers supplemented two times 
per week compared with those supplemented daily (Farmer et al., 2001). Furthermore, Loy et 
al. (2008) studied the effect of supplemental energy source (dry distillers grain soluble, dry 
rolled corn, and dry rolled corn + corn gluten meal), level (low or high; 0.21 or 0.81% of BW), 
and frequency (daily or on alternate days) on beef heifers performance consuming low quality 
forage. Herbage intake was lower and SR was higher for the high than the low supplementation 
level. Further, reducing the frequency of supplementation decreased DM intake and average 
daily gain (ADG). However, there was no frequency × supplementation level interaction. As a 
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result, type and amount of supplement should be strongly considered in determining the number 
of supplementation events animal will receive per week, where all the factors will interact 
together to shape the success of infrequent supplementation. 
Table 2.1. Effect of supplementation frequency and supplemental urea level on BW and body 
condition (BC) changes in beef cows grazing dormant, tallgrass-prairie forage and subsequent 
pregnancy rate and calf performance (Farmer et al., 2004b) 
2.1.2 Rumen function 
A summary of the effects of weekly frequency of supplementation on rumen pH, ruminal NH3-
N, and volatile fatty acids (VFA) concentration is shown in Appendix B.   
Rumen pH 
Feeding high energy supplements containing a high level of rapidly fermentable sugars and 
starches can reduce rumen pH and fibre digestibility (Hoover, 1986). Grant & Mertens (1992) 
reported a negative effect on fibre digestion when rumen pH fell below 6.2. Therefore, 
infrequent supplementation where large amounts of supplement will be offered per 
supplementation event, may potentially result in detrimental effects on ruminal pH and, hence, 
forage digestibility. Kartchner & Adams (1982) showed a lower rumen pH for grazing beef 
cattle supplemented with corn on alternate days compared to daily. In contrast, ruminal pH and 
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NDF digestibility were unaffected for steers supplemented with soybean meal and ground grain 
sorghum-based either daily or on alternate days (Farmer et al., 2004a). The difference in starch 
and NDF contents of the supplement reflects the difference between the two studies. Corn 
contains more starch and less NDF than soybean meal and sorghum. Supplements which also 
include high digestible fibre have been recommended to maintain ruminal pH and the 
subsequent digestibility (Anderson et al., 1988; Martin & Hibberd, 1990). Although, using a 
high energy supplement based on a low-starch diet can be less disruptive to digestion and 
performance for cattle consuming low quality forage, the ideal number of supplementation 
events per week depends on the type of supplement, and should be increased with an increase 
in supplement quantity and content of the readily fermentable carbohydrate.  
The length of time rumen pH stays suboptimal can determine the impacts of rumen pH on fibre 
digestion (Cerrato-Sánchez et al., 2007; Drewnoski & Poore, 2012). Although steers fed 
soybean hulls and corn gluten feed-based supplement on alternate days had a lower ruminal pH 
on the day of supplementation than those supplemented daily, ruminal pH was higher for 
alternate than daily groups on the day daily groups were only supplemented. Further, there were 
no differences in the total diet DM, NDF and acid detergent fibre (ADF) digestibility due to 
infrequent supplementation (Drewnoski & Poore, 2012). Therefore, it was suggested that the 
amount of time that rumen pH was suboptimal for the alternate group was insufficient to impact 
fibre digestibility.   
Ruminal ammonia 
The availability of the N inside the rumen is another factor that can limit intake and negatively 
impact digestion. Horn & McCollum (1987) reported that ruminal NH3 level is the first limiting 
factor for ruminal microbial fermentation in ruminants consuming low quality forage. Tellier 
et al. (2004b) reported an 8% reduction in ADF digestibility for steers consuming barley straw 
and supplemented with low protein supplement (14.1% CP) compared with the steers 
supplemented with high protein supplement (24.6% CP). A wide range of ruminal NH3-N (2.5- 
25 mg/dL) has been suggested for optimum microbial fermentation (Hume et al., 1970; Satter 
& Slyter, 1974) and maximum ruminal digestion (Erdman et al., 1986; Odle & Schaeffer, 1987). 
However, Erdman et al. (1986) reported that the concentration of ruminal NH3-N needed to 
maximize the rate of ruminal digestion appears to depend on the fermentation of the feed stuff. 
Usually providing fibrous-based supplements with relatively high degradable protein 
concentration for ruminants consuming low quality forage can improve the microbial efficiency 
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and the subsequent forage digestibility by supplying ruminal micro flora with a balanced levels 
of energy and N  (Bohnert et al., 2002; Drewnoski & Poore, 2012). Drewnoski & Poore (2012) 
compared steers consuming fescue hay (8.8% CP) and supplemented with soybean hulls/corn 
gluten either on daily or alternate days with unsupplemented (control). Supplementation 
increased the ruminal NH3-N supply for the fibrolytic bacteria and, consequently, increased 
DM and NDF digestibility. Additionally, reducing frequency of supplementation did not affect 
the diet digestibility.  
Bohnert et al. (2002) evaluated the effect of rumen degradable protein level and 
supplementation frequency on the performance of wethers consuming low quality forage. 
Wethers were fed low quality meadow hay (5.2% CP) only or supplemented with degradable 
intake protein DIP (undegradable intake protein UIP; 18% of CP) or UIP (UIP; 60% of CP) 
daily, every third or sixth day. They reported an interaction between frequency of 
supplementation and level of CP degradability. Infrequent supplementation reduced DM 
digestibility for wethers supplemented with DIP, but increased DM digestibility for those 
supplemented with UIP. The large amount of DIP offered per supplementation event for 
wethers supplemented every third and sixth day might result in DIP:energy imbalance, 
alteration in ruminal fermentation and a consequence reduction in digestibility (Bohnert et al., 
2002). In conclusion, availability of N in the rumen at acceptable level is very important to 
maintain fibre digestibility.  
It has been documented that N recycling in addition to desirable shifts in some of the ruminal 
events plays an important role in moderating the potential negative impacts of infrequent 
supplementation on N supply for ruminants (Farmer et al., 2004a). Beaty et al. (1994) reported 
a delay in the peak of ruminal NH3-N for steers supplemented with high protein level (≥ 30% 
CP) three times per week compared with those supplemented daily. Their research also showed 
a prolonged elevation in ruminal NH3-N (up to 24 hours after time of supplementation) for 
steers supplemented three times per week compared with those supplemented daily (Figure 
2.1). Farmer et al. (2004a; 2001) reported a lag and less rapid decline in ruminal NH3-N after 
supplementation for steers supplemented two times per week compared with the steers received 
the supplement more frequently (Figure 2.2). Prolonged elevation of ruminal NH3-N for 
animals with less frequent supplementation reflects more efficient use of N recycling to 
maintain the level of ruminal NH3-N concentration on the days animal were not supplemented. 
In addition, the delay in the peak of ruminal NH3-N reflects the delay in the prevalence of hyper 
ammonia producing bacteria, which may contribute in buffering the negative effect of 
infrequent supplementation on fibre digestion and nitrogen conservation (Farmer et al., 2004a).  
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In contrast, Drewnoski and Poore (2012) and Tellier et al. (2004a) did not report a lag or 
prolonged elevation in the ruminal NH3-N in the steers subjected to infrequent supplementation. 
However, these two studies used a supplement with low to medium protein level (14.1 to 24.6% 
CP), in which the amount of N available in the rumen may be was not in excess for more 
efficient N recycling. On the days animals were not supplemented, ruminal NH3-N 
concentrations fell in the range of 0.4 to 0.7 mM, 2.1 to 2.9 mM, 3.4 to 7.4 mM, and 4.8 to 11.1 
mM for steers supplemented three times a week with 12, 20, 30, and 39% CP supplement, 
respectively (Beaty et al., 1994) (Figure 2.1). Therefore, Beaty et al. (1994) suggested high CP 
(≥ 30% CP) supplements to be used for infrequent supplementation in order to maintain 
elevated levels of ruminal NH3-N on the days that animals were not supplemented. 
 
 
Figure 2.1 Influence of protein concentration in supplements (12, 20, 30, and 39% crude 
protein) and frequency of supplementation (Daily and 3 times per week) of beef steers fed 
unrestricted amounts of wheat straw on ruminal NH3-N concentrations (Beaty et al., 1994) 
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Figure 2.2 Influence of supplementation frequency on ruminal ammonia for beef steers fed 
low-quality, tallgrass prairie hay. *Represents difference (P ≤ 0.05) between supplementation 
frequencies at each time period (Farmer et al., 2004a). 
Volatile fatty acids VFA  
Infrequent supplementation has been suggested to alter the end products of ruminal 
fermentation (Drewnoski & Poore, 2012; Farmer et al., 2004a; Tellier et al., 2004a). Tellier et 
al. (2004b) reported a reduction in heat production, and improved energetic efficiency as a result 
of a 7% reduction in the acetic:propionic acid ratio for steers supplemented on alternate days 
compared with those supplemented daily. Similarly,  Drewnoski et al. (2011) showed a higher 
ratio of live weight gain:feed with less frequent supplementation of soy bean and corn gluten 
feed. This was attributed to the difference in the VFA profile for the steers supplemented on 
alternate days compared with those supplemented daily, in which steers supplemented less 
frequently showed a numerical small reduction in acetic:propionic acid ratio (Drewnoski & 
Poore, 2012). This might lead to a potential benefit of supplementing less frequently on cattle’s 
rumen function and subsequent performance. However, more research work is needed in this 
area to address the usefulness of supplementing less frequently on rumen microflora and the 
fermentation end products.  
2.1.3 Nitrogen partitioning 
Several biological mechanisms have been suggested to be altered in ruminants in response to 
infrequent supplementation. These changes may enable them to sustain N balance between 
supplementation events (Bohnert et al., 2002; Farmer et al., 2004a; Farmer et al., 2001; Tellier 
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et al., 2004a). It has been mentioned previously that the recycling N play important role in 
conserving N for animals supplemented infrequently, in which animals recycled more N to the 
rumen in response to infrequent supplementation. Further, Bohnert et al. (2002) suggested that 
the portal drained viscera of ruminants supplemented infrequently could be altered to increase 
their ability to remove urea from the blood and consequently maintain level of ruminal NH3-N 
concentration and N conservation on the days between supplementation events. Krehbiel et al. 
(1998) reported that ewes consuming low quality forage and supplemented with soybean meal 
every third day had increased urea N removal by the portal drained viscera on days between 
supplementation events compared with the day of supplementation. Blood urea nitrogen (BUN) 
peaked the day following supplementation for ewes fed low quality forage and supplemented 
with a high protein supplement less frequently than daily (Bohnert et al., 2002; Krehbiel et al., 
1998). Furthermore, a change in the permeability of the gastrointestinal tract to urea and the 
possibility of a change in the renal regulation by decreasing urinary N excretion, are other 
mechanisms that may improve the ability of ruminants supplemented infrequently to maintain 
elevated level of BUN and sustain N balance on the days animals were not supplemented 
(Bohnert et al., 2002; Krehbiel et al., 1998). 
Wickersham et al. (2008) evaluated the effect of the level and frequency of supplemental 
degradable intake protein DIP on N metabolism for steers consuming low quality prairie hay. 
Two levels (high and low) of protein were provided as casein dosed ruminally to provide the 
supplemental DIP. They reported no change in the efficiency of N metabolism with more 
infrequent supplementation for steers fed a low level of supplemental DIP (61 mg of N/kg of 
BW per day). There were no differences in urinary N excretion, urinary urea N excretion and 
urea kinetics between steers supplemented at a low level of N daily (61/d) or every third day 
(183/3d). However, with the high level of supplemental DIP (183 mg of N/kg of BW per day), 
urinary urea excretion as a percentage of urea production was greater for those supplemented 
daily (183/d) than infrequently (549/3d) (Figure 2.3c). Additionally, cows supplemented at high 
level infrequently (549/3d) were more dependent on N recycling when ruminal ammonia 
concentration fell on the days after supplementation event than these supplemented at a high 
level but more frequently (183/d). Cattle supplemented every third day had a higher amount of 
recycled urea-N used for anabolic utilization than supplemented daily (45.7 vs 23.9 g of urea-
N/d, respectively) (Figure 2.3d). Further, they reported numerical increase in N retention for 
animals supplemented less frequently. In conclusion, urea recycling is the major mechanism 
that beef cattle can use to conserve N in response to infrequent and high protein 
supplementation.  
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Based on my knowledge, there are no studies that have investigated the effect of weekly 
frequency of supplementation on performance of dairy cows consuming forage based diet. In 
contrast, several have investigated the effect of daily frequency of supplementation on dairy 
cows performance (Dalley, 1998; Hongerholt et al., 1997; Kaufmann, 1973, 1976; McLachlan 
et al., 1994; Pulido et al., 2009). In the next section, the effect of daily frequency of 
supplementation on the performance, rumen function, and N partitioning for dairy cows 
consuming high quality forage-based diet is discussed. 
2.2 Daily frequency of supplementation 
Numerous studies have examined the effect of total mixed ration feeding frequency on dairy 
cow performance under indoor conditions (Gibson, 1984; Kaufmann, 1976; Mantysaari et al., 
2006; Phillips & Rind, 2001). Generally, these studies showed that increased feeding frequency 
tends to increase the rumen acetate to propionate ratio and hence, milk fat concentration. On 
the other hand, very few studies have investigated the effect of supplementation frequency on 
the performance of cattle consuming forage-based diets (Hongerholt et al., 1997; McLachlan et 
al., 1994; Pulido et al., 2009). Changing the frequency of supplementation has been documented 
to alter grazing behaviour (Pulido et al., 2009) and rumen environment (Kaufmann, 1976). 
2.2.1 Grazing behaviour and DM intake, relative to animal performance 
More frequent supplementation may disturb grazing behaviour for dairy cows and result in a 
reduction in herbage DM intake compared with those supplemented less frequently. Pulido et 
al. (2009) studied the effect of supplementation frequency on production, DM intake, and 
behaviour for dairy cows grazing ryegrass pasture. Cows were grazing pasture only or 
supplemented with 6 kg DM/cow/day of barley based-supplement either at two, three, or four 
equal portions during the day. Their results showed a reduction in the time cows spent grazing 
and an increase in bite rate and substitution of pasture with supplement with the increase of 
supplementation frequency. However, frequency of supplementation had no significant effect  
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a) 
 
B) 
 
C) 
 
d) 
 
e) 
 
f) 
 
Figure 2.3 Effect of frequency of supplementation on a) urea production, b) urinary urea-N, c) urinary urea-N, % of urea production, d) urea gut 
entry, e) recycled N used for anabolic, and f) anabolic use % of urea gut entry for steers fed tallgrass-prairie hay. 183/d = 183 mg of N/kg of BW 
daily; 549/3d = 549 mg of N/kg of BW daily. All N was provided as casein dosed ruminally as a source of degeredable intake protein. Adapted 
from (Wickersham et al., 2008). 
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on herbage or total DM intake, or milk production. Hongerholt et al. (1997) used a mobile 
computerized grain feeder to feed the cows concentrate more frequently than two times per day 
on pasture. Ground corn and barley based-supplement at rate of 1 kg DM/ 3 kg of milk was 
offered either at milking time (two times per day; control) or every 6 hours (four times per day; 
FC) to lactating dairy cows grazing pasture. Concentrate and herbage DM intake were 
numerically higher for control than FC (13 vs 12.4 and 15.1 vs 13.3 kg/cow/day, respectively), 
resulting in a tendency for higher milk yield for the control than FC. Gibb et al. (2000) compared 
in parlour (at milking shed) with out of parlour (on pasture) supplementation regimes. Dairy 
cows grazing perennial ryegrass pasture were supplemented with 8 kg concentrate in the parlour 
twice daily, or out of parlour in one, two or four equal portions per day. They reported no 
treatment effect on herbage intake or milk production. However, the time taken to consume 
supplement was significantly longer for out of parlour supplementation compared with in 
parlour supplementation results in fragmentation of the grazing meal pattern. Further, the mean 
of supplement intake decreased as the number of meals increased for out of parlour feeding due 
to cows missing occasional supplement meals. Based on the previous studies, frequency of 
supplementation might disturb animals grazing behaviour, but has no significant effect on 
intake or milk production.  
2.2.2 Rumen function, relative to animal performance and milk composition 
More frequent supplementation has been suggested as a management strategy to improve 
animal’s performance by increasing their daily concentrate intake without having a detrimental 
effect on their rumen environment and fermentation end products. Kaufmann (1976) reported 
that increasing the daily frequency of supplementation for ruminants can result in higher 
concentrate intake and less variations in rumen pH compared with less frequent 
supplementation (Figure 2.5a). A reduction in the rumen pH could affect the activity of the 
cellulolytic bacteria, decrease DM intake, and consequently, impact animal performance 
(McLachlan et al., 1994). McLachlan et al. (1994) reported an increase in milk and fat corrected 
milk yields by feeding 6 kg DM of cracked maize based-supplement in two equal portions per 
day rather than one for dairy cows grazing tropical pasture. However, there was no frequency 
effect on animal performance when supplement was fed at 4 or 8 kg DM supplement/ cow/ day 
(Table 2.2). McLachlan et al. (1994) concluded that the minimum level of supplementation 
frequency that is required to maintain a consistent rumen pH and optimum activity of 
cellulolytic bacteria increases with the level of concentrate. This implies that once a day was 
sufficient to supplement the cows with 4 kg DM concentrate/ cow/ day, and two times per day 
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was sufficient for 6 kg DM supplement/ cow/ day (McLachlan et al., 1994; Pulido et al., 2009); 
however, more than two times per day is needed to supplement cows with 8 kg DM of 
concentrate per cow per day (McLachlan et al., 1994). Dalley (1998) reported 2.01 l/day 
increase in milk production when the frequency of supplementing 8 kg DM 
concentrate/cow/day increased from two to four times per day. 
Increasing the frequency of daily supplementation may maintain the acetic:propionic ratio in 
the rumen and hence prevent a decline in milk fat concentration of dairy cows (Figure 2.5b) 
(Kaufmann, 1976). Increasing frequency of feeding, from 2 to 7 times per day, increased milk 
fat concentration from 36.9 to 40.0 g/kg of milk for dairy cows consuming high concentrate 
ration (forage= 350 g/kg DM of the diet) (Kaufmann, 1973). Similarly, Campbell & Merilan 
(1961) reported an increase in milk fat concentration of 41, 44 and 46 g/kg of milk, feeding 
frequency of 2 to 4, to 7 times per day, respectively, for cows consuming high concentrate diet 
(forage= 390 g/kg DM of the diet). In contrast, Gill & Castle (1983) showed no effect of feeding 
frequency on milk yield, milk fat or protein concentration, and BW when the feeding frequency 
increased from 2 to 22 times per day. However, cows in the Gill and Castle (1983) study 
consumed a high forage diet (forage=600 g/kg DM of the diet). Therefore, Gill & Castle (1983) 
concluded that a high forage:concentrate ratio in the diet can tolerate a wide range of feeding 
frequency. Additionally, Gibson (1984) reported that type of the diet was very important in 
determining the response of the cows to the frequency of feeding. Across eight studies, animals 
consuming a high proportion of concentrate in diet (greater than 600 g/kg DM of the diet) 
showed response in either milk yield or fat concentration, while those consuming a low 
proportion of concentrate in diet showed no response. 
There is no doubt that the amount of concentrate and concentrate:forage ratio will determine 
the response of the animal to the supplementation frequency. Therefore, based on the limited 
data available about the effect of frequency of concentrate supplementation on grazing dairy 
cows performance, once a day can be sufficient to maintain animal performance for grazing 
dairy cows supplemented with ≤ 4 kg DM concentrate per cow per day compared with those 
supplemented with the same amount but more frequently. However, time of supplementation 
can be set to minimize the potential disruption of animal grazing behaviour. However, with a 
higher amount of concentrate (e.g. > 4 kg DM), increased daily frequency of supplementation 
results in less variation in ruminal pH and hence, milk production. 
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Table 2.2 Response to once vs twice daily concentrate feeding at different levels for the first 
150 days of lactation (McLachlan et al., 1994) 
Parameter* and no. of daily 
feeds 
Level of concentrate (kg/cow. day) l.s.d                       
(P=0.05) 4 6 8 
Milk yield (kg)     
1 2682a 2887ab 3277abc 
582 
2 2873ab 3557c 3333bc 
Fat yield (kg)     
1 105.5a 108.9ab 106.9a 
23 
2 104.8a 130.9b 117ab 
Fat yield (%)     
1 3.96c 3.78bc 3.32a 
0.38 
2 3.63abc 3.7abc 3.49ab 
Protein yield (kg)     
1 80.8a 84.7a 91ab 
13.1 
2 85.5a 102.9b 100.5b 
Protein yield (%)     
1 3.06 2.93 2.83 
0.24 
2 2.97 2.91 3.03 
Lactose yield (kg)     
1 127.5a 135.9ab 151.1abc 
28.7 
2 133.2ab 165.4c 156.5bc 
Lactose yield (%)     
1 4.75 4.71 4.67 
0.21 
2 4.63 4.66 4.69 
Fat-corrected milk (kg)     
1 2656a 2789a 2894ab 
556 
2 2721a 3387b 3088ab 
*Within parameters, means followed by the same letters are not significantly different  at 
(P=0.05) 
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a) 
 
b) 
 
Figure 2.4 Effect of feeding frequency (14 vs 2 times/day) on a) diurnal ruminal pH and b) 
acetic: propionic acid ratio for lactating dairy cows (Kaufmann, 1976).  
 
2.2.3 Nitrogen partitioning 
Providing a better synchrony of nutrient supply within the rumen by matching N availability 
and readily fermentable carbohydrate is another aspect that has been suggested to improve the 
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performance of grazing dairy cows by supplement more frequently (Gibb et al., 2000; 
Robinson, 1989). Based on the study of  Pulido et al. (2009), there was 5%, 5.5%, and 6.4% 
increase in nitrogen use efficiency (NUE) in cows supplemented with 6 kg DM concentrate at 
two, three, and four equal portions per day, respectively, compared with those grazed pasture 
only (Figure 2.6). However, urinary purine derivatives (allontoin + uric acid):creatinine ratio 
was unaffected by treatment. This suggest similar microbial protein production between 
treatments (Pulido et al., 2009). Very limited data is available to describe the effect of 
supplementation frequency on N partitioning for grazing dairy cows.  
 
Figure 2.5 Effect of supplementation frequency on nitrogen use efficiency (NUE%) for dairy 
cows grazing pasture (0) and supplemented with 6 kg concentrate given at 2, 3 or 4 times daily. 
Adapted from (Pulido et al., 2009).  
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2.3 Daily time of supplementation 
2.3.1 Grazing behaviour, DM intake and animal performance  
Normally, grazing is a daytime action for ruminants (Gregorini, 2012), with active grazing 
peaking during the first hours of the morning (dawn), last hours of the afternoon and first hours 
of the evening (dusk). In animals grazing unrestricted herbage, the majority of the grazing 
activity occurs at dusk (Gregorini, 2012; Orr et al., 2001). On the other hand, in grazing systems 
where animals are restricted to herbage and offered fresh breaks at different times of day, this 
grazing pattern will be disturbed. Moreover, herbage feed restriction (e.g. 8 hours access to the 
pasture) increased the time cows spent eating and reduced the amount of time cows spent 
ruminating, and increased bite and intake rate compared with unrestricted grazing cows 
(Gregorini et al., 2009). In addition, changing the time of supplementation relative to herbage 
allocation has also been reported to disturb the normal grazing activity, and DM intake (Adams, 
1985). For example, Scaglia et al. (2009a) reported a reduction in the amount of time spent 
grazing and bite rate for steers supplemented in the afternoon, when the major grazing activity 
of the day occurs, compared with steers that were not supplemented or those supplemented at 
noon or morning. This was attributed to the high content of carbohydrate and crude protein in 
the supplement (corn gluten feed), which might satiate the need of the steers for rapidly 
fermented feed. Additionally, Hess et al. (2002) reported higher forage organic matter (OM) 
intake, total OM intake, and lower SR for steers grazing summer forages and supplemented 
with cracked corn in the morning compared with those supplemented in the afternoon.  
In contrast, there were no differences in herbage DM intake (Vaughan et al., 2002) when 
grazing dairy cows were supplemented at 2.5 or 1 hour before herbage, or after herbage. This 
might be attributed to the restricted bout offered over a short period (1.5 hours/day). Bargo et 
al. (2002b) suggested that supplementation does not affect herbage intake when the animals had 
restricted time access to the pasture, although they did not specify the amount of time cows had 
access to herbage. Similarly, DM intake did not differ in the study Mitani et al. (2005), when 
grazing dairy cows were supplemented with corn silage at 2 hours before or immediately after 
a herbage meal. Herbage was offered over two restricted periods of 2.5 hours. More research is 
needed to determine how supplementation interacts with restricted feeding could affect animals 
grazing behaviour and DM intake.  
The effect of the time of supplementation on cattle DM intake and animal performance is 
contradictory (Appendix C) and varies according to different factors such as access time to the 
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pasture, time of day at which herbage was offered, number of fresh pasture allocation per day. 
Several studies have shown no effect on grazing dairy cows performance supplementing at 
different times (Kolver et al., 1998; Mitani et al., 2005; Moran & Jones, 1992; Sheahan et al., 
2013; Trevaskis et al., 2004; Vaughan et al., 2002). Trevaskis et al. (2004) observed no 
production benefit from synchronising the availability of N and readily fermentable 
carbohydrate for cows receiving their daily pasture allocation in the morning and 75% of  their 
supplement (crushed barley grain) either in the  morning (AM supp. + AM Pasture) or in the 
evening (PM supp. + AM pasture). However, their research showed a higher milk yield, and 
BW for the cows fed the pasture and 75% of their supplement in the afternoon (PM supp. + PM 
pasture) compared to the (AM supp. + AM Pasture) and (PM supp. + AM pasture). This was 
attributed to the higher concentration of water soluble carbohydrate for the PM compared with 
the AM pasture. However, a fourth treatment could be included, PM pasture and 75% of the 
supplement in the morning (AM supp. + PM pasture), to examine the effect of time of 
supplementation in comparison with (PM supp. + PM pasture). Sheahan et al. (2013) reported 
no time of supplementation effect on herbage DM intake; but, greater milksolids response (kg 
per kg of supplement) by supplementing dairy cows in the morning than afternoon. This was 
attributed to higher intake rate and hence, water soluble carbohydrate intake at the time of 
afternoon herbage allocation for cows supplemented in the morning than those supplemented 
in the afternoon.  
2.3.2 Rumen function and N partitioning 
The rumen is the site of action in response to the timing effect of supplementation relative to 
the herbage meal, where the rumen microbes might be supplied with sufficient energy to capture 
most of the N entering the rumen before it is accumulated, absorbed as ammonia, and excreted 
as urea in the urine. Kolver et al. (1998) reported a 33% reduction in the peak of ruminal NH3-
N for cows fed ground shelled corn-based supplement along with fresh herbage (SYN) 
compared with the cows fed the supplement 4 hours after the herbage meal (ASYN) (Figure 
2.6); however, this difference was transitory and did not change the cows partitioning of N 
intake to the milk, feaces or urine.  
Moreover, Vaughan et al. (2002) used different non-structural carbohydrate (NSC) sources of 
varying degradation rates supplement (corn silage; 46.7%, soybean meal; 16.9%, corn; 16.7%, 
barley; 12.7%) to examine the effect of supplementation time on N utilization for lactating cows 
grazing ryegrass pasture. Cows were supplemented at 2.5 (pre1) or 1 (pre2) hour before grazing, 
or straight after grazing (post). They suggested a higher degree of ruminal N capture and a 
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possibility of greater microbial production for pre1 cows compared with the other treatments. 
During the period after grazing, pre1 had the lowest and post grazing had the highest level of 
blood urea N (BUN) across the 7 hours of blood sample collection (Figure 2.7). Additionally, 
the peak of BUN level was 7 and 14% lower for pre1 than pre2 and post, respectively. The ratio 
of urine N to total N intake was significantly lower and N retention significantly higher for the 
cows fed a corn silage supplement 2 hours before grazing (pre-grazing) than the cows fed the 
supplement immediately after grazing (post-grazing) (Mitani et al., 2005). Additionally, in the 
study of Mitani et al. (2005), there was a lower acetate concentration in the rumen for the pre-
grazing compared with the post-grazing treatment, but no difference in propionic concentration. 
Based on this, cows supplemented pre-grazing had lower acetate:propionate ratio than cows 
supplemented post-grazing cows. 
 
Figure 2.6 Diurnal pattern of ruminal ammonia N (milligrams per deciliter) of cows fed a 
synchronous diet (SYND; y) or an asynchronous diet (ASYND; o). For cows fed the SYND, 
the ruminal release of total nonstructural carbohydrates (TNC) and N was synchronous (i.e., 
carbohydrate was fed to the cows at the time that pasture was fed; P + C). For cows fed the 
ASYND, the ruminal release of TNC and N was asynchronous (i.e., carbohydrate was fed to 
the cows 4 h after pasture was fed; C). †P < 0.10, *P < 0.05, and ***P < 0.001 (Kolver et al., 
1998). 
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 Figure 2.7 Levels of blood urea N (BUN) before and after grazing for cows fed a partial 
mixed ration 2.5 h before grazing (PRE1), 1 h before grazing (PRE2), and immediately after 
grazing (POST) (Vaughan et al., 2002). 
 
Recently, Gregorini et al. (2010b) studied the digestibility, fermentation and N flow during 
continuous culture fermentation of herbage only and herbage plus maize silage fed either 1 hour 
(synchrony) or 9 hours (asynchrony) before a single herbage meal. The results indicate that the 
asynchronous diet with silage added at 9 hour prior to the herbage input altered the products of 
digestion compared to the synchronous diet and increased glucogenic nutrient supply by 13% 
to the host animal and improve N utilization by reducing ammonia N losses by 30%. Further, 
throughout the day, their research showed greater propionate concentration for the 9BH 
compared with 1BH and control treatments (Figure 2.8f), and a greater magnitude in ruminal 
NH3-N reduction for 9BH in comparison with 1BH and control treatments (Figure 2.8b), 
Gregorini et al.  (2010b), suggested that, potentially, this might be related to steadier microbial 
growth over a 24-h period for the 9BH treatment, probably relating to the higher frequency of 
nutrients supply to the microbial population, compared to 1BH and control treatments. 
Gregorini et al. (2010b) argued however, that in vivo studies are required to confirm the benefits 
of timing of maize silage supplementation on the protein deamination and urinary urea 
excretion. 
Pre-feeding of high energy supplement before the time of grazing may give the cow sufficient 
time to recover their hunger level and thereby maximise their forage intake. Additionally, 
rumen microbes would be given enough time to ferment the carbohydrate to an available form 
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before the N flux coming from herbage (Mitani et al., 2005). In this context, using supplement 
with low N concentration (e.g. maize silage) will have additional benefit of diluting N intake. 
Although the time interval of the pre-feeding depends on the degradation rate of the 
supplements non-structural carbohydrate, more research work is necessary to determine the 
usefulness of timing of supplementation. 
 
Figure 2.8 Diurnal patterns of a) ruminal pH, b) NH3-N, c) total VFA, d) acetate:propionate 
ratio, e) acetate, and f) propionate during continuous culture fermentation of orchardgrass 
herbage only (CON; ——) and orchardgrass herbage plus corn silage fed 1 (1BH; – – –) or 9 
(9BH; -----) h before a single herbage meal (Gregorini et al., 2010b). 
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2.4 Conclusion 
Under conditions of less frequent supplementation per week for cattle consuming low forage 
quality, animals appear to be more efficient at using the urea recycling mechanism and they 
probably alter their fermentation process to maintain the same level of general performance 
compared with the animals supplemented more frequently. This may enable costs associated 
with the supplementation to be reduced by applying infrequent supplementation without severe 
impacts on animal performance. However, the optimal interval between the supplementation 
events varied and mainly depends on the supplement type and amount, and also the interaction 
between them. 
Grazing behaviour, and rumen pH and the acetate to propionate ratio are the major aspects that 
might be altered in response to the increase daily frequency of supplementation for grazing 
cattle. Among these three aspects, maintaining a consistent rumen pH and optimum activity of 
cellulolytic bacteria is the most important benefit that can be achieved by increase daily 
frequency of supplementation, specially, when concentrate is fed at amounts higher than 4 kg 
DM/cow/day. This can result in higher total DM intake and subsequent production compared 
with cattle fed supplement less frequently. In addition, daily frequency of supplementation 
should be increased with the increase in quantity of the supplement in order to maintain a 
consistent rumen pH.  
Changing the time of supplementation relative to herbage meal can disturb the grazing 
behaviour and might affect DM intake. However, this depends on different factors such as 
access time to herbage and number of fresh herbage allocation per day. Feeding cattle with high 
energy supplement at different times before herbage meal can improve N utilization, in which 
N captured by ruminal microbes is improved and the ratio of urine N to total N intake reduced. 
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Chapter 3 
The effect of feeding maize silage 1 or 9 hours before the herbage 
meal on animal performance, rumen function and nitrogen 
partitioning of lactating dairy cows  
3.1 Introduction 
Perennial ryegrass-white clover pastures are a common herbage grazed by dairy cows in 
temperate pasture systems. Due to nitrogen (N) fertilizer use and the presence of legumes in 
pastures of high crude protein (CP) content, the herbage often has an excessive amount of CP 
(20-30% CP) in the diet for grazing dairy cows (Clark & Woodward, 2007; Kolver et al., 1998). 
Excess N is absorbed as ammonia from the rumen, converted to urea by the liver, and when 
excreted in the urine results in environmental pollution through nitrate leaching from urine 
patches (Lapierre et al., 2005). Bannink et al. (1999a) reported that 65-75% of N ingested by 
grazing dairy cows is excreted, of which more than 50% is excreted as urine N. 
One strategy to reduce urinary N deposition onto the pasture is to reduce the amount of time 
that cows have access to herbage (Gregorini et al., 2010b). Although cows are able to 
compensate for limited access to the pasture with high herbage dry matter (DM) intake rate 
(Chilibroste et al., 2007), restricted grazing can reduce daily herbage DM intake and alter rumen 
digestion efficiency (Gregorini et al., 2008). This requires supplementation to increase total 
DM intake; but the response may depend on time of supplementation related to herbage meal 
(Gekara et al., 2005; Sheahan et al., 2013).  
A further strategy to reduce urinary N excretion and increase proportion of N intake in the milk 
is feeding supplements with a low concentration of N (e.g. maize silage) and relatively greater 
content of starch as compared to grass (Valk, 1994). In addition to the type of supplement, the 
time of supplementation may also be very important factor determining the efficiency at which 
ruminal microbes convert ruminal ammonia N (ruminal NH3-N) to microbial N (Mitani et al., 
2005). Gregorini et al. (2010b) studied the digestibility, fermentation and N flow during 
continuous culture fermentation of an intensive herbage meal plus maize silage fed either one 
or nine hours before a single herbage meal. Silage allocation at nine rather than one hour prior 
to herbage meal increased glucogenic nutrient supply by 13% and reduced ammonia N losses 
by 30%. However, they suggested an in vivo validation of their results was required. 
28 
 
This study reports on an indoor feeding trial where maize silage was supplemented to cows 
offered cut herbage over a period of 4 hours. The objective of the study was to investigate the 
effect of feeding maize silage supplement 1 or 9 hours before an intensive herbage meal on DM 
intake, milksolids production, rumen function and N partitioning of dairy cows in early and mid 
lactation. 
3.2 Materials and methods 
3.2.1 Experimental site and design 
3.2.1.1 Early lactation 
The experiment was conducted at the Lincoln University Research Dairy Farm (LURDF), 
Lincoln, New Zealand (43º 38’S, 172º 27’E) over the period from 19 October to 1 November 
2011, using early lactating dairy cows grazing spring pasture. All procedures were approved by 
the Lincoln University Animal Ethics Committee (ACE 378). 
Ten lactating, Friesian x Jersey, and rumen-fistulated dairy cows were blocked in pairs by parity 
(3.2-4 years), milksolids (MS) production (2.29 ± 0.21 kg MS/day), body weight (452 ± 28 kg), 
days in milk (65.2 ± 12.5) and body condition score (0-10 scale) (4.1 ±  0.31). Cows within 
pairs were randomly allocated to one of two treatment groups using a pair feeding system. Five 
cows received one third of their estimated dry matter (DM) intake as maize silage (3-5 kg DM) 
after afternoon milking at 1500 h; approximately 1 hour before herbage was provided (1BH). 
The second group of five cows received one third of their estimated DM intake as maize silage 
(3-5 kg DM) after morning milking at 0700 h; approximately 9 hours before herbage was 
provided (9BH). All cows received two thirds of their estimated DM intake over a period of 
four hours from 1600 to 2000 h as cut herbage of perennial ryegrass (Lolium perenne L.) and 
white clover (Trifolium repens) pasture. Cows were milked twice a day (0630 and 1430 h) and 
maintained on a standoff area (harrowed paddock) with no access to vegetation or supplement 
and ad libitum access to the water, when not being fed silage or herbage, or being milked. The 
experiment ran for 14 days, in which days 1-9 were considered an adaptation period and days 
10-14 a measurement period. During adaptation, maize silage was gradually increased in diet 
(1.2 kg DM every second day) until one third of diet as maize silage was achieved. On day two, 
one cow in 9BH group suffered ketosis, and was removed from experiment. 
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3.2.1.2 Feeding regime 
Herbage was cut to 5 cm above ground level and fertilized with 30 kg of N/ha as urea on 28 
September 2011, 3 weeks before the start of the experiment on 19 October 2011. Herbage (3 
weeks regrowth) was harvested to 5 cm above the ground level at 1300 h daily and returned to 
feeding in barn. Herbage and maize silage were weighed and offered individually to the cows 
in feeding bins indoors. Each cow was locked into separate head gate where herbage and maize 
silage were offered in a wheelie bin. Feed refusals were measured after the end of each feeding 
period.  
Individual herbage and maize silage DM intake of each cow in the 1BH group was determined 
daily. The second group of five cows (9BH treatment) were pairfed receiving the same amount 
of herbage and silage DM intake determined the day before from their blocked pair in the 1BH 
group. 
In order to estimate required DM intake of the first pair in 1BH, the cows metabolizable energy 
(ME) requirements were estimated from requirements for milk production plus cows 
maintenance and activity  (Holmes et al., 2003; Nicol & Brookes, 2007). Required DM intake 
was then calculated by dividing total energy requirement by the mean herbage ME 
concentration. Required herbage DM intake was estimated by the following equation: 
Estimated DM intake = ((MEMaintenance + MEMilk + MEActivity)/MEHerbage) 
3.2.1.3 Mid lactation 
The experiment was conducted at the Lincoln University Research Dairy Farm during the 
period from 18 January to 1 February 2012.  
Ten mid lactation, pregnant, Friesian x Jersey and rumen-fistulated dairy cows were blocked in 
pairs by parity (4 ± 0.8 years), milksolids production (1.73 ± 0.09 kg MS/cow/day), body weight 
(519 ± 25 kg), days in milk (163 ± 12.5), and body condition score (3.9 ± 0.21). Treatments, 
measurements, and analysis were the same as conducted in experiment 1; however, cows were 
not subjected to the pair feeding system. Each cow was offered two thirds of their daily DM 
intake (as cut herbage) and one third (3-5 kg DM) as maize silage, estimated from ME 
requirements for milk production, cows maintenance, pregnancy and activity  (Holmes et al., 
2003; Nicol & Brookes, 2007). 
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3.2.2 Sampling and analysis 
Feed 
Samples of herbage and maize silage (approximately 100g fresh weight each) were collected 
daily at 1400 h. One subsample was immediately oven dried at 60oC for 48 h to determine DM 
percentage. Second subsample was frozen at -20oC and later freeze-dried for chemical analysis. 
Third subsample of herbage was collected on day 12 and 14 of experiment for botanical 
composition. Maize silage and herbage subsamples were ground through 1 mm sieve (ZM200, 
Retsch) and stored for chemical composition analysis. Chemical composition was determined 
using near-infrared spectroscopy (Feed and Forage Analyser, FOSS Analytical, Hilleroed, 
Denmark). Metabolizable energy of feed was estimated based on the equation (ME (MJ/kg) = 
Digestible organic matter content x 0.016 (g/kg DM); (McDonald et al., 2002)). Starch content 
of the maize silage was measured using Megazyme assay procedure K-TSTA 04/2009 
(Megazyme International, Bray, Ireland), and extraction of water soluble carbohydrate was 
conducted as described by Pollock & Jones (1979). Filips folding rising plate meter (Jenquip, 
New Zealand) was used to measure pre-cut sward mass. Rising plate meter (RPM) was 
calibrated to the nation average equation: kg DM/ha = (RPM x 140) +500. 
Milk 
Milk yield (kg/day) was recorded at each milking (DeLaval Alpro Herd Management System, 
DeLaval, Tumba, Sweden). Milk subsamples were collected during both morning and afternoon 
milking on day 10 and 14 using an automatic sampling system. One subsample was analysed 
for milk fat, protein and lactose determination (Livestock Improvement Corporation, 
Christchurch, New Zealand) by MilkoScan (Foss Electric, HillerØd, Denmark). A second 
subsample was collected for milk urea N (MUN) analysis. The MUN concentration was 
determined in milk subsamples after centrifugation at 4,500 x g for 10 min at 4oC to remove 
fat, and analysis was conducted using an automated Modular P analyser (Roche Hitachi, Basel, 
Switzerland) as previously described (Talke & Schubert, 1965). Milk N content was calculating 
from LIC determination of protein using 6.38 factor, in which N (g/kg) = protein (g/kg) x 6.38.  
Urine and faeces 
Faeces and urine samples were collected after morning milking (before maize silage was 
offered for 9BH) at 0700 h, at 1300 h, after afternoon milking (before maize silage was offered 
for 1BH) at 1500 h, and straight after the herbage allowance (2000 h), on day 10 and 14. 
Samples were collected after voluntary excretion or manual stimulation. Urine (40-70 ml) was 
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acidified, by adding 1ml of 6m sulphuric acid, to a pH < 4 to prevent volatilization. All samples 
were then frozen to -20oC until subsampled.  
For analysis, faeces samples (50-80 g) were placed in a fridge to thaw and approximately 40 g 
of a representative subsample was freeze dried for 5 days at 0.5 mbar (supplier; Cuddon 
Limited, New Zealand Model E. D. 5.3). After freeze drying, samples were ground through 1 
mm sieve (ZM200, Retsch) and then analysed for N concentration by combustion of sample 
under oxygen supply and high temperature using Varimox CN analyser; Elementar (supplier; 
Elementar Analysensysteme GmbH; Germany). The fresh weight of the remainder of the 
sample was determined, and then these samples were oven dried at 100oC for 48 h to determine 
the DM %. Thawed urine samples were inverted and a subsample of approximately 2 mL 
analysed for urine ammonia, creatinine, urea concentration and total N% as per kit instructions 
(Randox Rx Daytona, Randox Laboratories Ltd., Crumlin, United Kingdom). Samples from 
day 14 were analysed for purine derivatives using an Agilent 1100 series (Waldbronn, 
Germany). Urinary N (g/d) excretion was calculated using the equation outlined by Pacheco et 
al. (2009): urinary N (g/d) = (21.9 (mg/kg) x BW (kg) x (1/urinary creatinine (mg/kg))) x urine 
N (g/kg). Faecal N (g/d) excretion was calculated by multiplying the DM intake for herbage 
and maize silage by their respective digestibilties, then multiplying the undigested DM by the 
respective faecal N concentration. 
Blood 
Blood samples were collected, via coccygeal vein, after morning milking (before maize silage 
was offered for 9BH) at 0700 h, after afternoon milking (before maize silage was offered for 
1BH) at 1500 h, and straight after the herbage allowance (2000 h) on day 10 and 14. Blood 
samples were collected in K3EDTA-coated vacuettes for plasma collection and analysis. Blood 
samples were placed on ice immediately after collection and later centrifuged at 3000 x g for 
10 min at 4oC. Plasma was collected into clean tubes then frozen to -20oC. Plasma samples were 
thawed at 4oC, and analysed for beta hydroxy butyric acid (BHBA) using RANBUT kit RB 
1007, non-esterified fatty acid (NEFA) (FA115), glucose using hexokinase method (GL 3816), 
and plasma urea concentration using enzymatic kinetic method (UR 3825). 
Rumen samples 
Ruminal digesta were collected at 0400, 0700, 0900, 1100, 1300, 1500,1700, 2000, 2200, and 
2400 h on day 10. Samples were collected as hand grab samples from the ventral sac, and then 
squeezed through two layers of cheese cloth. The pH of the filtered ruminal fluid was measured 
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immediately using a waterproof pH meter (EZ DO, waterproof tester, Model 7011), and aliquot 
then was subsampled for volatile fatty acid (VFA) or acidified by adding 1ml of 6m sulphuric 
acid for NH3 analyses (to prevent volatilization by maintaining pH below 4). All samples were 
then frozen at -20°C until required for chemical analysis.  
Samples were thawed overnight at 4oC, inverted and then subsampled into a 2ml centrifuge 
tube. For VFA analysis, subsamples were centrifuged at 16060 x g for 30 minutes at 4oC, then 
500µl of the supernatant was placed into 1.5 ml centrifuge tube and 100µl of the internal 
standard, 200µl of metaphosphoric acid and 200µl of deionised water were added. Samples 
were then vortexed and placed at 4oC for 30 minutes before being centrifuged at 16060 x g for 
15 minutes and filtered through a 0.45µm nylon syringe filter. Samples were then placed into 
tubes ready for injection into the high performance liquid chromatography (HPLC) instrument 
(Hewlett Packard 1100 Series HPLC system) (Chen & Lifschlth, 1989). For NH3 analysis, 
subsamples were centrifuged at 1300 rpm for 30 minutes at 4oC then the supernatant was 
filtered through a 0.45µl syringe top filter placed into a 2 ml syringe. A 1000µl aliquot was then 
added to 9ml of deionised sterilised water. All samples were then analysed for NH3 
concentration via Flow Injection Analyser (FIA) analysis immediately following the dilution 
process has been described by (Blackemore et al., 1987). 
3.2.3 Statistical analysis  
Individual cow DM intake, milk yield and milk composition were analysed separately for each 
experiment using repeated measure ANOVA with time of feeding maize silage as treatment, 
day as a repeated measure and cow as replicate. Blood, urine and faecal samples were averaged 
at each time across the two sampling days and were analysed using repeated measure ANOVA 
with time of feeding maize silage as treatment, time of sampling as a repeated measure and cow 
as replicate. Rumen pH, NH3-N and VFA concentration were analysed using repeated measure 
ANOVA with time of feeding as treatment effect, time of sampling as a repeated measure and 
cow as replicate. Treatment and block were included in the model as factors. When ANOVA 
was significant different, means were separated according to protected least significant 
difference (LSD) test (α < 0.05). 
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3.3 Results 
3.3.1 Early lactation 
3.3.1.1 Feed chemical composition 
The chemical composition of the herbage and maize silage are presented in Table 3.1. Dry 
matter content was 173 g/kg lower for herbage than maize silage. Neutral detergent fibre (NDF) 
was 86 g/kg lower for herbage than maize silage. Crude protein and ME were 41 (g/kg) and 2.3 
(MJ/kg DM), respectively, higher for herbage than maize silage.     
Table 3.1 Dry matter (g/kg), chemical composition (g/kg DM) and ME of herbage and maize 
silage fed to dairy cows in early lactation   
Item Herbage Maize silage 
Dry matter  177 350 
Acid detergent fibre (ADF) 245 290 
Neutral detergent fibre (NDF) 434 520 
Crude protein (CP) 120 79 
Organic matter (OM) 906 959 
Organic matter digestibility (OMD) 866 670 
Dry matter digestibility (DMD) 803 628 
Starch - 185 
Water soluble carbohydrate (WSC) 209 - 
Metabolisable energy (ME) (MJ/kg DM) 12.5 10.2 
 
3.3.1.2 Sward mass and botanical composition  
The sward post-cut mass and botanical composition of herbage are presented in Table 3.2. 
Table 3.2 The average sward mass and botanical composition of herbage fed to dairy cows at 
early lactation 
Pre-cut sward mass (kg DM/ha) 4456 
Ryegrass  
% in sward (% of total DM) 90.5 
Stem (% of ryegrass DM) 55.2 
Leaf (% of ryegrass DM) 44.8 
Clover (% of total DM) 1.73 
Dead material (% of total DM) 7.8 
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3.3.1.3 Herbage and maize silage intake 
Herbage and maize silage DM intake did not differ between treatments (Table 3.2). 
Consequently, dietary chemical composition was similar between treatments with an average 
CP of 10.6%, NDF of 46.3%, and ME of 11.7 MJ/kg DM.  
Table 3.3 Herbage, maize silage and total DM intake (kg DM/day), and the chemical 
composition of the diets* for dairy cows supplemented with maize silage at 1 (1BH) or 9 hours 
(9BH) before the herbage meal in early lactation.  
 Maize   
Item 1BH 9BH P LSD 
Herbage DM 6.56 6.70 0.35 0.2 
Maize silage DM 3.40 3.41 0.35 0.2 
Total DM 9.96 10.11 0.35 0.2 
Diet composition    
CP (% of DM) 10.69 10.70 0.35 0.03 
ADF (% of DM) 25.59 25.68 0.35 0.03 
NDF (% of DM) 46.22 46.20 0.35 0.06 
ME (MJ/kg DM) 11.74 11.75 0.35 0.02 
Dry matter (DM), acid detergent fibre (ADF), neutral detergent fibre (NDF), crude protein (CP), and 
metabolisable energy (ME). *Weighted herbage and maize silage components in diet multiply by their respective 
contents of chemical composition. LSD for the time of supplementation effect when α=0.05. 
3.3.1.4 Milk yield, milksolids production and composition 
Time of supplementation did not affect milk yield (P=0.9) or milksolids production (P=0.38). 
There was no significant difference in the percentage or quantity (kg/cow/day) of fat and 
protein, or MUN between 1BH and 9BH (Table 3.3). 
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Table 3.4  Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on milk yield (kg), milksolids (kg MS/cow/day), percentage of fat and protein, fat and protein 
yield (kg/day) and milk urea nitrogen (mmol/L) in early lactation. 
 Maize   
Item 1BH 9BH P LSD 
Milk yield 16.6 16.7 0.90 4.2 
Milk solids 1.33 1.41 0.38 0.24 
Fat % 5.02 5.15 0.83 1.7 
Protein % 3.27 3.19 0.59 0.53 
Fat (kg) 0.82 0.87 0.52 0.19 
Protein (kg) 0.57 0.60 0.42 0.1 
Milk urea N(mmol/L) 2.33 2.43 0.78 1.2 
LSD for the time of supplementation effect when α=0.05. 
 
Figure 3.1 Effect of feeding maize silage 1 hour (1BH; ●) or 9 hours (9BH; o) before herbage 
meal on urine urea concentration for dairy cows in early lactation. Bars indicate: LSD1 time 
effect within a treatment; LSD2 treatment effect within a time (α=0.05). ∗ Indicates significant 
differences (P<0.05) between means at particular sampling point. 
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3.3.1.5 Faeces and urine  
Time of supplementation did not affect the daily mean faecal N% and urine N%, ammonia 
(NH3) or urea concentration, or ratio of purine derivatives:creatinine (PD:C) (Table 3.4). There 
was a significant treatment × time of day interaction (P<0.001; Table 3.4) for the urine urea 
concentration. Urine urea concentration was lower for 9BH than 1BH at 2000 h (Figure 3.2). 
There was tendency for a treatment × time of day interaction (P=0.07; Table 3.4) for urine N 
concentration indicating that urine N concentration was lower for 9BH than 1BH at 2000 h 
(Figure 3.3a). There was also a tendency for a treatment × time of day interaction (P=0.07; 
Table 3.4) for the ratio of PD:C indicating that PD:C ratio was higher for 9BH than 1BH at 
1500 h (Figure 3.3b). 
 
 
 
Table 3.5  Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on faecal N%, and urine N concentration, ammonia (NH3), urea, and purine derivatives 
(allontoin + uric acid):creatinine (PD:C) ratio in early lactation. 
 maize  P-value  
Item 1BH 9BH  Maize Time maize x Time LSD 
Faecal N% 2.65 2.69  0.70 0.36 0.33 0.29 
Urine        
N% 0.39 0.35  0.55 <0.001 0.07 0.17 
NH3 (mmol/l) 0.78 0.49  0.40 0.05 0.13 0.97 
Urea (mmol/l) 53.4 41.7  0.37 0.001 <0.001 34.9 
PD:C ratio 3.48 3.70  0.49 0.03 0.07 0.90 
Maize (treatment effect), Time (time of sampling effect), Maize x Time (interaction effect). LSD, for the time 
of supplementation effect when α=0.05. 
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 Figure 3.2 Effect of feeding maize silage 1 hour (1BH; ●) or 9 hours (9BH; o) before herbage 
meal on a) urine N% and b) purine derivatives (Allontoin + Uric acid):creatinine ratio for dairy 
cows at early lactating. Bars indicate: LSD1 time effect within a treatment; LSD2 treatment 
effect within a time (α=0.05). 
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3.3.1.6 Nitrogen partitioning 
Daily N intake and partitioning of N intake faeces, urine and milk are presented in Table 3.5. 
Daily N intake was similar between treatments (174 and 175.4 g/day for 1BH and 9BH, 
respectively). Time of supplementation did not affect N excreted in milk, urine or faeces 
(g/day). Consequently, the proportion of N intake in the milk (milk N as % of total N intake), 
urine (urine N as % of total N intake) and faeces (faecal N as % of total N intake), and 
urine:faecal N ratio did not significantly differ between treatments.  
Table 3.6 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on nitrogen intake and partitioning in early lactation. 
 Maize   
Item 1BH 9BH P LSD 
Total N intake (g/day) 174 175.4 0.35 2.4 
Milk N output (g/d) 79.8 84.4 0.42 15.7 
Milk N: total N intake (%) 45.8 48 0.49 9.1 
Urinary N excretion (g/d) 82.6 77.2 0.31 14.1 
Urinary N: total N intake (%) 47.5 44 0.26 8.1 
Faecal N excretion (g/d) 66.6 68 0.60 7.3 
Faecal N: total N intake (%) 38.3 38.7 0.75 4.2 
Urine:Faecal N ratio 1.25 1.13 0.13 0.18 
N balance -55 -54.1 0.92 25.2 
LSD for the time of supplementation effect when α=0.05. 
3.3.1.7 Rumen pH, VFA and ammonia concentration 
Time of supplementation did not affect the daily mean of rumen pH, VFA, or ammonia 
concentration (Table 3.6). There was a significant treatment × time of day interaction (P=0.002; 
Table 3.6) for ruminal NH3-N. Ruminal NH3-N was higher at 0900 and 1100 h and lower at 
1700 h for 9BH than 1BH (Figure 3.4b). There was a tendency for a treatment × time of day 
interaction for propionate concentration (P=0.07; Table 3.6). Propionate concentration was 
higher at 0900 h and lower at 1700 h for 9BH than 1BH (Figure 3.4e). A significant treatment 
× time of day interaction (P=0.04; Table 3.6) for acetate:propionate ratio showed a lower ratio 
of acetate:propionate at 0900 h and higher at 1700 h for 9BH than 1BH (Figure 3.4f). 
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 Table 3.7 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on rumen pH, ammonia (NH3) and volatile fatty acid (VFA) production in early lactation. 
 Maize  P- value  
Item 1BH 9BH  Maize Time Maize x Time LSD 
Rumen pH 6.41 6.51  0.582 < 0.001 0.39 0.55 
Rumen-NH3 (mmol/l) 2.12 2.28  0.801 0.004 0.002 1.91 
Total VFA (mmol/l) 151.4 157.2  0.698 0.002 0.18 43.1 
Propionate (mmol/l) 15.56 15.57  0.994 0.002 0.07 4.43 
Acetate (mmol/l) 117.5 123.9  0.625 0.001 0.16 37.9 
Butyrate (mmol/l) 18.36 17.68  0.697 0.013 0.19 4.99 
Acetate:propionate ratio 8.21 8.24  0.977 <0.001 0.047 2.97 
Maize (treatment effect), Time (time of sampling effect), Maize x Time (interaction effect).  LSD, for the time 
of supplementation effect when α=0.05. 
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Figure 3.3 Diurnal patterns of a) rumen pH, b) rumen NH3-N, c) propionate, d) acetate, e) total 
volatile fatty acids (VFA), and f) acetate:propionate ratio for early lactating dairy cows fed 
maize silage either 1 (1BH; ●) or 9 (9BH; o)  hours before the herbage meal. Bars indicate: 
LSD1 time effect within a treatment; LSD2 treatment effect within a time (α=0.05). ∗ indicates 
significant differences (P<0.05) between means at particular sampling point. 
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3.3.1.8 Blood metabolites 
The daily mean of NEFA tended to be higher (P=0.09) for 1BH than 9BH. However, daily 
means of BHBA, glucose, and plasma urea N (PUN) were unaffected by treatment (Table 3.7). 
There was a significant treatment × time of day interaction (P<0.001; Table 3.7) for NEFA 
concentration. The concentration of NEFA was higher at 1500 h for 9BH than 1BH. A 
significant treatment × time of day interaction (P=0.006; Table 3.7) showed a higher PUN 
concentration at 2000 h for 1BH than 9BH (Figure 3.5a and b, respectively). 
 
Table 3.8 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on blood metabolites in early lactation. 
 Maize  P- value  
Item 1BH 9BH  Maize Time Maize x Time LSD 
NEFA (mmol/l) 0.41 0.267  0.09 <0.001 <0.001 0.18 
BHBA (mmol/l) 0.787 0.784  0.98 <0.001 0.168 0.37 
Glucose (mmol/l) 3.178 3.158  0.85 <0.001 0.679 0.3 
PUN (mmol/l) 4.587 3.82  0.42 <0.001 0.006 2.6 
NEFA (Non-esterified fatty acids), BHBA (Beta hydroxy butyric acid) and PUN (Plasma urea N). Maize 
(treatment effect), Time (time of sampling effect), Maize x Time (interaction effect). LSD, for the time of 
supplementation effect when α=0.05. 
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Figure 3.4 Effect of feeding maize silage 1 hour (1BH; ●) or 9 hours (9BH; o) before herbage 
on a) Non-esterified fatty acids (NEFA) and b) Plasma urea nitrogen (PUN) for dairy cows in 
early lactation. Bars indicate:  LSD1 time effect within a treatment; LSD2 treatment effect 
within a time (α=0.05). ∗ indicates significant differences (P<0.05) between means at 
particular sampling point. 
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3.3.2 Mid lactation 
3.3.2.1 Feed chemical compositions 
The chemical composition of the herbage and maize silage are presented in Table 3.8. Dry 
matter content was 195 g/kg DM lower for herbage than maize silage. Consequently, NDF was 
99 g/kg lower for herbage than maize silage. Crude protein and ME were 60 (g/kg) and 2.0 
(MJ/kg DM), respectively, higher for herbage than maize silage. 
Table 3.9 Dry matter (g/kg), chemical composition (g/kg DM) and ME of herbage and maize 
silage fed to dairy cows in mid-lactation. 
Item Herbage Maize silage 
Dry matter  185 380 
Acid detergent fibre (ADF) 277 290 
Neutral detergent fibre (NDF) 413 512 
Crude protein (CP) 140 80 
Organic matter (OM) 912 967 
Organic matter digestibility (OMD) 794 660 
Dry matter digestibility (DMD) 751 621 
Starch - 186 
Water soluble carbohydrate (WSC) 171 - 
Metabolisable energy (ME) (MJ/kg DM) 11.7 9.7 
 
3.3.2.2 Sward mass and botanical composition  
The average sward post-cut mass and botanical composition of herbage are presented in Table 
3.10. 
Table 3.10 The average sward mass and botanical composition of herbage fed to dairy cows 
at mid lactation 
Pre-cut sward mass (kg DM/ha) 4228 
Ryegrass  
% in sward (% of total DM) 75.3 
Stem (% of ryegrass DM) 43.3 
Leaf (% of ryegrass DM) 56.7 
Clover (% of total DM) 20.7 
Dead material (% of total DM) 4 
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3.3.2.3 Herbage and maize silage DM intake 
Maize silage DM intake was the similar for 1BH and 9BH. Herbage and total DM intake were 
higher for 9BH than 1BH (Table 3.9). Dietary chemical composition was significantly different 
between treatments (Table 3.9) with 0.12 and 0.04 higher CP% (P=0.03) and ME MJ/kg DM 
(P=0.01), respectively, for 9BH than 1BH.   
Table 3.11 Mean herbage, maize silage and total DM intake (kg DM/day), and the chemical 
composition of the diets* for cows supplemented with maize silage at 1 (1BH) or 9 hours (9BH) 
before the herbage meal in mid-lactation. 
 Maize   
Item 1BH 9BH P LSD 
Herbage DM 10.4 11.2 0.02 0.64 
Maize silage DM 5.1 5.1 0.34 0.30 
Total DM 15.4 16.3 0.03 0.64 
Diet composition    
CP (% of DM) 11.92 12.04 0.03 0.09 
ADF (% of DM) 28.05 27.99 0.02 0.04 
NDF (% of DM) 44.66 44.36 0.02 0.15 
ME (MJ/kg DM) 10.88 10.92 0.01 0.02 
Dry matter (DM), acid detergent fibre (ADF), neutral detergent fibre (NDF), crude protein (CP), and metabolisable 
energy (ME).*Weighted herbage and maize silage components in diet multiply by their respective contents of 
chemical composition. LSD, for the time of supplementation effect when α=0.05 
3.3.2.4 Milk yield, milksolids production and composition 
Milk yield (P=0.001) was higher and milksolids tended to be higher (P=0.08) for 9BH than 
1BH. However, there was no significant difference in the percentage or quantity (kg/cow/day) 
of fat or protein, or MUN between 1BH and 9BH (Table 3.10). 
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3.3.2.5 Faeces and urine  
Time of supplementation did not affect the daily mean faecal N% and urine N%, ammonia 
(NH3), or urea concentration. However, the mean of PD:C ratio was higher (P=0.043)  for 9BH 
than 1BH (Table 3.11). There was a tendency for treatment × time of day interaction (P=0.09; 
Table 3.11) for the urine urea concentration. Urine urea concentration was higher at 2000 h for 
1BH than 9BH (Figure 3.6).  
 
 
Table 3.12 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal on 
mean milk yield (kg), milksolids (kg MS/cow/day), fat and protein percentage and production, 
and Milk urea N in mid lactation.  
 Treatment   
Item 1BH 9BH P LSD 
Milk yield 15.4 18.8 0.001 1.14 
Milksolids 1.48 1.63 0.08 0.183 
Fat % 5.6 5.0 0.15 0.90 
Protein % 4.1 3.7 0.15 0.66 
Fat (kg/day) 0.85 0.94 0.11 0.122 
Protein (kg/day) 0.63 0.69 0.13 0.088 
Milk Urea N (mmol/L) 4.6 5.6 0.108 1.34 
LSD for the time of supplementation effect when α=0.05. 
Table 3.13 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on faecal N%, and urine N%, ammonia (NH3), urea, and purine derivatives (allontoin + uric 
acid):creatinine (PD:C) ratio  in mid-lactation. 
 Maize  P-value  
Item 1BH 9BH  Maize Time Maize x Time LSD 
Faecal N% 2.934 2.863  0.15 0.04 0.15 0.11 
Urine        
N% 0.51 0.42  0.272 0.004 0.53 0.19 
NH3 (mmol/l) 0.81 0.36  0.115 0.174 0.57 0.62 
Urea (mmol/l) 109.1 91.2  0.333 0.005 0.09 44.9 
PD:C ratio 3.60 4.28  0.043 0.002 0.16 0.63 
Maize (treatment effect), Time (time of sampling effect), Maize x Time (interaction effect).  LSD, for the time 
of supplementation effect when α=0.05. 
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3.3.2.6 Nitrogen partitioning 
Daily N intake and partitioning of N intake faeces, urine and milk presented in Table 3.12. 
Daily N intake was higher (P=0.03) for 9BH than 1BH. However, there was no treatment effect 
on N excreted in milk, urine, and faeces (g/day). In addition, the proportion of N intake in the 
milk (milk N as % of total N intake), urine (urine N as % of total N intake) and faeces (faecal 
N as % of total N intake), and urine:faecal N ratio did not significantly differ between 
treatments.  
 
 
 
 
 
 
 
 
 
Figure 3.5 Effect of feeding maize silage 1 hour (1BH; ●) or 9 hours (9BH; o) before herbage 
on urine urea concentration for dairy cows in mid-lactation. Bars indicate:  LSD1 time effect 
within a treatment; LSD2 treatment effect within a time (α=0.05). 
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Table 3.14 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on nitrogen intake and partitioning in mid-lactation. 
 Maize   
Item 1BH 9BH P LSD 
Total N intake (g/day) 298 315 0.03 14.4 
Milk N output (g/d) 98.1 107.6 0.13 13.9 
Milk N: total N intake (%) 32.8 34.1 0.39 3.5 
Urinary N excretion (g/d) 122.3 130.6 0.36 22.3 
Urinary N: total N intake (%) 39.6 41.5 0.83 7.1 
Faecal N excretion (g/d) 121.2 122.4 0.50 4.6 
Faecal N: total N intake (%) 39.4 38.8 0.18 3.2 
Urine:Faecal N ratio 1.01 1.08 0.52 0.17 
N balance -43.6 -45.6 0.76 16.9 
LSD for the time of supplementation effect when α=0.05. 
3.3.2.7 Rumen pH, VFA and ammonia concentration 
Time of supplementation did not affect the mean rumen pH, total VFA, acetate, butyrate, or 
ammonia concentration (Table 3.13). Mean propionate concentration tended to be higher 
(P=0.09) and acetic:propionic ratio lower (P=0.06) for 9BH than1BH (Table 3.13). There was 
a significant treatment × time of day interaction (P=0.05, Table 3.13) for ruminal pH. Ruminal 
pH was lower for 9BH than 1BH during the period from 1100 to 1500 h, with this difference 
significant at 1100 h (Figure 3.7a). A significant treatment × time of day interaction (P<0.001, 
Table 3.13) showed ruminal NH3-N concentration was higher for 9BH at 0900 and 1100 h and 
lower at 1500, 1700, and 2000 h compared with 1BH (Figure 3.7b). There was significant 
treatment × time of day interaction (Table 3.13) for propionate concentration (P=0.05) and the 
acetic:propionate ratio (P= 0.01). Propionate concentration was higher and acetic:propionate 
ratio was lower at 0900, 1100, 1300, and 1500 h for 9BH than 1BH (Figure 3.8a and d, 
respectively). A significant treatment × time of day interaction (P<0.001, Table 3.13) showed 
that 9BH had a higher butyrate concentration at 0900 h and lower concentration at 0400, 0700, 
and 1700 h, compared with 1BH (Figure 3.8b). 
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Table 3.15 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal, 
on rumen pH, ammonia (NH3), and volatile fatty acid (VFA) production in mid-lactation. 
 Maize  P- value  
Item 1BH 9BH  Maize Time Maize x Time LSD 
Rumen pH 6.46 6.42  0.75 <0.001 0.05 0.31 
Rumen-NH3 (mmol/l) 6.40 5.84  0.168 <0.001 <0.001 0.92 
Total VFA (mmol/l) 186.5 193.7  0.51 0.002 0.23 27.5 
Propionate (mmol/l) 19.7 23.4  0.095 <0.001 0.05 4.77 
Acetate (mmol/l) 155.7 159.5  0.672 0.025 0.24 23.4 
Butyrate (mmol/l) 11.17 10.76  0.48 <0.001 <0.001 1.48 
Acetate: propionate ratio 8.8 7.2  0.067 <0.001 0.01 1.83 
Maize (treatment effect), Time (time of sampling effect), Maize x Time (interaction effect). LSD, for the time 
of supplementation effect when (α=0.05) 
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Figure 3.6 Diurnal patterns of a) rumen pH, b) rumen NH3-N, and c) total volatile fatty acids 
(VFA) for mid-lactating dairy cows fed maize silage either 1 (1BH; ●) or 9 (9BH; o)  hours 
before the herbage meal. Bars indicate: LSD1 time effect within a treatment; LSD2 treatment 
effect within a time (α=0.05). ∗ indicates significant differences (P<0.05) between means at 
particular sampling point. 
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 Figure 3.7 Diurnal patterns of a) propionate, b) butyrate, c) acetate, and d) acetate:propionate 
ratio for mid-lactating dairy cows fed maize silage either 1 (1BH; ●) or 9 (9BH; o)  hours 
before the herbage meal. Bars indicate: LSD1 time effect within a treatment; LSD2 treatment 
effect within a time (α=0.05). ∗ indicates significant differences (P<0.05) between means at 
particular sampling point. 
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3.3.2.8 Blood metabolites 
The daily mean of NEFA (P=0.034) and BHBA (P=0.008) concentration were higher, and 
glucose concentration was lower (P=0.029) for 1BH than 9BH (Table 3.14). Mean of PUN did 
not differ significantly between treatments (Table 3.14). There was a significant treatment × 
time of day interaction (P<0.001; Table 3.14) for NEFA concentration. The concentration of 
NEFA was higher at 1500 h for 9BH than 1BH (Figure 3.9a). A significant treatment × time of 
day interaction showed a higher concentration of BHBA (P=0.024; Table 3.14) and PUN 
(P<0.001; Table 3.14) at 2000 h for 1BH than 9BH (Figure 3.9 b and c, respectively). 
 
Table 3.16 Effect of feeding maize silage 1 (1BH) or 9 (9BH) hours before the herbage meal 
on blood metabolites in mid-lactation. 
 Maize  P- value  
Item 1BH 9BH  Maize Time Maize x Time LSD 
NEFA (mmol/l) 0.084 0.056  0.034 <0.001 <0.001 0.025 
BHBA (mmol/l) 0.809 0.709  0.008 <0.001 0.024 0.057 
Glucose (mmol/l) 3.34 3.61  0.029 <0.001 0.155 0.223 
PUN (mmol/l) 7.25 6.61  0.213 <0.001 <0.001 1.2 
NEFA (Non-esterified fatty acids), BHBA (Beta hydroxy butyric acid) and PUN (Plasma urea N). Maize 
(treatment effect), Time (time of sampling effect), Maize x Time (interaction effect). LSD, for the time of 
supplementation effect when α=0.05. 
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 Figure 3.8 Effect of feeding maize silage 1 hour (1BH; ●) or 9 hours (9BH; o) before herbage 
on a) Non esterified fatty acids (NEFA), b) Beta-hydroxy butyric acid (BHBA) and c) Plasma 
urea nitrogen (PUN) for dairy cows in mid-lactation. Bars indicate: LSD1 time effect within a 
treatment; LSD2 treatment effect within a time (α=0.05). ∗ indicates significant differences 
(P<0.05) between means at particular sampling point. 
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3.4 Discussion 
3.4.1 Milk yield, milksolids production and composition 
Milk yield and milksolids production did not differ between 1BH and 9BH in the early lactation 
study. This is in agreement with several studies showing no effect of the time of 
supplementation on milk production of grazing dairy cows (Kolver et al., 1998; Mitani et al., 
2005; Moran & Jones, 1992; Vaughan et al., 2002). However, in the mid lactation study, milk 
yield was 3.4 kg/cow and milksolids 150 g/cow higher for 9BH than 1BH. This result is 
consistent with Sheahan et al. (2013) who reported higher milk production for grazing dairy 
cows supplemented with concentrate in the morning compared with these supplemented with 
the same amount of concentrate but in the afternoon. The difference in milk production between 
1BH and 9BH in the mid lactation study may be attributed to increased herbage DM intake, 
which was 0.8 kg/cow higher for 9BH than 1BH. This led to a 10 MJ ME/cow higher ME intake 
for 9BH than 1BH. In contrast in the early lactation study, there was similar DM and ME intake 
between 1BH and 9BH resulting in similar milk production.  
The percentage of fat and protein, and fat and protein yields (kg/day) were unaffected by time 
of supplementation in both early and mid lactation studies. Vaughan et al. (2002) reported no 
difference in milk composition between cows fed maize silage based ration at 2.5 or 1 hour 
before grazing, or immediately after grazing. In contrast, Mitani et al. (2005) reported a 
tendency for higher milk protein yield and lower milk fat content for pre-grazing 
supplementation (2 hours before grazing) than that for post-grazing (immediately after grazing). 
This disagreement between the current and earlier study may relate to the difference in the CP 
content of the diet and subsequent N intake. In the study of  Mitani et al. (2005) CP content was 
17.9% of diet and N intake 531 g N/cow/day. This contrasts with values of 10.7% and 175 g 
N/cow/day for early lactation and 12% and 307 g N/cow/day for mid lactation. This may have 
limited the growth of ruminal microbes (Satter & Slyter, 1974) and hence, the response to the 
time of supplementation. 
3.4.2 Nitrogen metabolism and partitioning 
Nitrogen use efficiency (milk N % of N intake) in both early and mid lactation studies ranged 
from 33 to 48%, and is higher than the range of 13-31% measured for dairy cows grazing 
pasture (Delagarde et al., 1997). The higher value may be explained by the low N content in 
herbage (12 and 14% CP for early and mid lactation study, respectively) of the current study. 
Røjen et al. (2008) reported that in dairy cows fed low N diets (12.7% CP), the proportion of 
54 
 
urea recycled to the gut is higher than the proportion excreted in the urine. Therefore, the 
proportion of N intake available for production may be greater with low than high N diets. 
Colmenero and Broderick (2006) reported a 5.4% reduction in N use efficiency by increasing 
diet CP content from 16.5 to 19.4% for dairy cows fed total mixed ration.  
The reason for low N intake (175 g and 307 g N/cow/day for early and mid lactation studies, 
respectively) was the low N content in herbage consumed by cows in both studies (19.2 and 
22.4 g N/kg DM for early and mid lactation study, respectively). This low herbage N content 
occurred despite the fact that pastures were fertilized with 30 kg N/ ha 3 weeks before the start 
of each experiment. The low N content of the spring pasture (early lactation) may be due to the 
low legume (of high N content) and the high proportion of grass made up of stem. An analysis 
of the botanical composition of pasture showed a predominance of ryegrass (90.5 %) in the 
pastures, of which 55.2% was made up of stem, and only 1.7 % white clover. For summer 
pasture (mid lactation), the reduction in herbage N content may be attributed to reproductive 
stage of the herbage. At the beginning of the experiment, herbage was predominantly vegetative 
material. However, throughout the experimental period and due to the hot weather during 
January (summer season), the predominant perennial ryegrass in the sward expressed 
reproductive seed head development, which appeared to be aftermath heading. Although N% 
was low, ME remained high (> 11.7 MJ/kg DM) in both experiments. 
Time of supplementation did not affect N partitioning of cows in either the early or mid 
lactation. Nitrogen concentration in urine, faeces and milk, and the proportion of N intake 
excreted in urine, faeces and milk were similar between 1BH and 9BH in early and mid lactation 
study. In addition, the mean concentration of urea in milk, plasma and urine were unaffected 
by time of supplementation. This is consistent with Kolver et al. (1998) who showed no time 
of supplementation effect on N partitioning for grazing dairy cows supplemented with 
concentrate at the time of herbage or 4 hours after herbage. Further, Vaughan et al. (2002) 
reported no effect of feeding maize silage based ration at 2.5 or 1 hour before herbage, or 
immediately after herbage on milk N concentration or proportion of N intake excreted in milk. 
In contrast, Mitani et al. (2005) observed a tendency for a lower proportion of N intake excreted 
in the urine and higher N retention when maize silage was supplemented at 2 hours before 
herbage than after herbage for grazing dairy cows. This disagreement between studies may be 
attributed to the differences between supplementation times relative to the herbage used in each 
study. Supplementation at the time of herbage was compared with supplementation after 
herbage in the study of Kolver et al. (1998), and at two different times before herbage in the 
current study compared with before or after herbage in the study of Mitani et al. (2005) and 
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Vaughan et al. (2002). Although faecal and urinary N were not measured in the study of 
Vaughan et al. (2002), it appears that, in comparison with supplementation after the herbage 
meal, feeding supplement a few hours (e.g. 2 hours) before a herbage may increase the number 
of bacteria available in the rumen by the time of N flux (herbage meal), hence improving the 
efficiency at which ruminal NH3-N is converted to microbial N (Gregorini et al., 2010b; Mitani 
et al., 2005). However, this response may become less pronounced when comparing two times 
of supplementation either both before or both after the herbage meal.    
Time of maize silage supplementation did not affect mean ruminal NH3-N concentration in 
either the early or mid lactation. This is in agreement with Mitani et al. (2005) and Kolver et al. 
(1998) who reported no difference in ruminal NH3-N concentration between grazing dairy cows 
fed supplement at different times relative to the herbage meal. The diurnal pattern of ruminal 
NH3-N concentration was similar between experiments. Ruminal NH3-N concentration was 
increased in response to maize silage feeding for 9BH and 1BH. This occurred despite the low 
N content of maize silage (12.6 g of N/kg DM). This result suggests that a very low number of 
microbes were available in the rumen at the time of maize silage supplementation, thus resulting 
in accumulation of ruminal NH3-N. The lowest values of ruminal NH3-N concentration were 
measured at 0400 and 0700 h for early (average 0.4 and 0.17 mmol/l for 9BH and 1BH, 
respectively) and mid (average 0.8 and 0.3 mmol/l for 9BH and 1BH, respectively) lactation 
study; this suggests that ruminal NH3-N concentration was limiting microbial growth (Hoover, 
1986). This is in contrast with Gregorini et al. (2010b) who reported no increase in ruminal 
NH3-N in response to maize silage fed at 9 or 1 hour before herbage. This disagreement may 
be attributed to the difference in CP content of herbage. Gregorini et al. (2010b) used herbage 
with 24.2% content of CP compared with 12 or 14% in early and mid lactation study, 
respectively. Therefore, the adequacy of N available in the rumen in Gregorini et al. (2010b) 
study may have resulted in higher microbial growth and, thereby, more rapid utilization of 
maize silage N content than the current study. 
The concentration of ruminal NH3-N was increased in response to herbage feeding; however, 
the peak of this increase was 42 and 27% lower for 9BH than 1BH in early and mid lactation 
study, respectively. This result was supported by a higher concentration of urea in urine and 
blood for 1BH than 9BH at the time after herbage (2000 h). This is consistent with Gregorini 
et al. (2010b) who reported a 30% reduction in the peak of ruminal NH3-N concentration by 
supplementing maize silage at 9 rather than 1 hour before the herbage meal, and Vaughan et al. 
(2002) who reported a reduction in the peak of blood urea N, as indicator of ruminal NH3-N, 
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by feeding cows a mixed ration at 2.5 hours before herbage allocation compared with those fed 
the mixed ration at 1 hour before or after herbage allocation.  
These ruminal NH3-N results suggest that ruminal NH3-N was utilized more rapidly for 9BH 
than 1BH during the period of herbage allowance (1600-2000 h). Therefore, microbial capture 
for ruminal N and, thereby, microbial growth might be increased during the period of N intake. 
No direct measurement was made of microbial protein production. However, purine derivatives 
may be used as indicators of microbial production (Shingfield, 2000). Urinary creatinine is 
directly related to the body mass and excreted at a constant rate (Hayden et al., 1992). Therefore, 
the ratio of purine derivatives to creatinine was used to estimate microbial protein production. 
The ratio of PD:C was unaffected by time of supplementation in early lactation study, but higher 
for 9BH than 1BH in mid lactation study. This disagreement between early and mid lactation 
studies may be related to two different reasons. First, maize silage DM intake was higher in 
mid than early lactation study (5 compared to 3 kg DM maize silage/cow/day, respectively), 
which may result in a different response to the time of supplementation between experiments. 
Gregorini et al. (2010b) suggested that the higher frequency of nutrient supply to the microbial 
population for 9BH compared to the 1BH may result in a steadier microbial growth. However, 
the amount of nutrient (starch) supply in the early compared to mid lactation study, may not 
have been sufficient to create the steadier microbial growth for 9BH than1BH, and hence, create 
a difference in microbial protein production. Second, N intake was higher for 9BH than 1BH 
in mid lactation study, but similar between 1BH and 9BH in early lactation study. This may 
suggest that the higher ratio of PD:C for 9BH than 1BH in mid lactation study is attributed to 
the higher N intake rather than better utilization of ruminal NH3-N.   
Despite the difference in PD:C ratio between 1BH and 9BH in mid lactation study, the 
difference in the peaks of ruminal NH3-N between 1BH and 9BH during the period of herbage 
meal was not reflected in the amount of N partitioned to milk, urine or faeces in both 
experiments. This is in agreement with Kolver et al. (1998) who reported an improvement in 
the capture of ruminal N by supplementing grazing dairy cows with concentrate at the time of 
herbage rather than 4 hours later; however, this improvement in ruminal N capture was not 
reflected in N partitioning of cows. These results may suggest that the higher rate of ruminal 
NH3-N utilisation for 9BH than 1BH was buffered by the higher amount of N was recycled to 
the rumen for 1BH than 9BH. This suggestion was supported with the numerical increase in the 
concentration of ruminal NH3-N for 1BH than 9BH during the period from 0700 to 1500 h. 
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3.4.3 Rumen pH and VFA concentration 
Rumen pH, and the concentration of total VFA, acetate and butyrate were unaffected by time 
of supplementation in both experiments. This is in contrast with Gregorini et al. (2010b) who 
reported lower rumen pH when corn silage was supplemented at 9 rather than 1 hour before the 
herbage, and Kolver et al. (1998) who reported lower rumen pH and higher butyrate 
concentration for grazing dairy cows supplemented with concentrate at the time of herbage 
allocation than 4 hours after herbage allocation. This disagreement between studies may be 
attributed to the chemical composition of the supplement and subsequent fermentation 
products. Higher fibre content of the maize silage in the current study (NDF 52%) compared to 
Gregorini et al. (2010b) (43.6%) and Kolver et al. (1998) (10.2%). Furthermore, the current 
study was associated with a lower level of non-structural carbohydrate (37%) compared with 
Gregorini et al. (2010b) (43.2%) and Kolver et al. (1998)  (67%). In turn these may alter the 
fermentation end products and the response to time of supplementation.  
Propionate concentration tended to be higher for 9BH than 1BH in the mid lactation study. This 
resulted in a lower acetate to propionate ratio for 9BH than 1BH. These results are in agreement 
with the suggestion of Gregorini et al. (2010b) that more glucogenic precursors will be supplied 
to the animal by supplementing maize silage at 9 rather than 1 hour before the herbage meal. 
However, the propionate concentration was similar between 1BH and 9BH in the early lactation 
study. The inconsistent response between early and mid lactation studies may be explained by 
two possible reasons. First, the amount of maize silage was higher in the mid than early lactation 
study (5 vs 3 kg DM maize silage/cow/day, respectively); this might lead to a different supply 
in the amount of glucogenic precursors, with supply insufficient in the early lactation study to 
create a difference between 1BH and 9BH. Second, N intake was higher for cows in mid than 
early lactation study (307 vs 175 g N/cow/day, respectively), and may have limited the growth 
of ruminal microbes, and hence, the response to the time of supplementation. 
The diurnal pattern of pH and concentration of VFA were linked to the feeding pattern of each 
treatment. As expected, rumen pH decreased, and propionate and butyrate concentration 
increased in response to non-structural carbohydrate supply by feeding maize silage. A similar 
reduction in ruminal pH and increase in propionate concentration was observed by Gregorini et 
al. (2010b) when maize silage was fed at 9 or 1 hour before herbage. However, the decrease in 
rumen pH and increase in propionate concentration were more pronounced and significant 
between treatments in mid lactation than early lactation study. This may result from the higher 
amount of maize silage used in the mid lactation than early lactation study (5 vs 3 kg DM maize 
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silage/cow/day, respectively), which leads to a higher amount of starch supply for the 9BH in 
mid lactation study than the 9BH in early lactation study. Lower rumen pH and higher 
propionate concentration can be formed when starch based supplement is fed to dairy cows 
(Orskov, 1986; Sairanen et al., 2005). This may result in greater response to time of 
supplementation, with higher propionate concentration and thereby, lower ruminal pH for 9BH 
than 1BH in mid compared with early lactation study.        
Ruminal pH decreased in response to herbage feeding. Owens et al. (1998) reported that 
increasing the concentration of total VFA is likely to decrease ruminal pH.  This pattern was 
evident in mid but not early lactation study. This contrary result in the early lactation study 
might be explained by the method of rumen sampling. Rumen spot samples were used to 
represent the rumen pH and VFA concentration. The reliability of pH measurements on rumen 
fluid samples relies essentially on sampling location and time in relation to feed intake 
(Höltershinken et al., 1997). Furthermore, in comparison with the continuous recording of 
ruminal pH, spot sampling is more difficult to detect rapid fluctuations in variables (Dado & 
Allen, 1993). Unexpectedly, the concentration of total VFA declined during the period of 
herbage allowance in early lactation study. This was mainly due to the decline of acetate 
concentration. It is very well known that the fermentation of fibre (cellulose and hemicellulose) 
results in the production of acetic acid and the digestion of sugars and starches yields butyric 
and propionic acids. The drop of acetic acid production during the period of herbage allowance 
suggests low NDF digestion, which might occur as a result of low ruminal NH3-N (Horn & 
McCollum, 1987).  
3.4.4 Blood metabolites 
The mean concentration of NEFA was higher for 1BH than 9BH in both experiments. This is 
in agreement with Kolver et al. (1998) who reported lower NEFA concentration for cows fed 
concentrate at 4 hours after herbage meal than these fed the concentrate at the time of herbage 
meal. This can be explained by the longer deprivation for 1BH (19 hours) than 9BH (11 hours). 
The concentration of BHBA followed the same trend, and was higher for 1BH than 9BH in the 
mid lactation, but similar between treatments in early lactation. Cows mobilize fat according to 
their energy demand of which NEFA is the direct outcome of fat mobilization in dairy cattle 
(Adewuyi et al., 2005). Non-esterified fatty acids then transformed to ketone bodies, most 
commonly BHBA. However, excess BHBA causes clinical problems, mainly ketosis. 
Therefore, these results suggest that under management practices that create longer fasting 
periods before the herbage meal, reducing deprivation time by feeding supplement at 9 rather 
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than 1 hour before the herbage meal may reduce concentration of NEFA and BHBA and, 
thereby the risk of ketosis.     
The glucose concentration was higher for 9BH than 1BH in mid lactation, but similar between 
treatments in early lactation. The inconsistency between experiments is due to the propionate 
concentration, which was higher in 9BH than 1BH in mid lactation study. Herbein et al. (1978) 
reported propionate derived from rumen fermentation as the major glucogenic precursors in 
ruminant. This implies that feeding 5 kg DM/cow/day at 9 rather than 1 hour before the herbage 
meal can maintain the propionate concentration through the day and, thereby, glucose 
concentration.  
3.5 Conclusions 
 Feeding maize silage at 9 instead of 1 hour before an intensive herbage meal increased milk 
production in mid lactation by increasing herbage and total DM intake. 
 Feeding maize silage at 9 instead of 1 hour before an intensive herbage meal improved the 
capture of ruminal N in mid lactation; however, these changes were transitory and were 
not reflected in proportion of N intake excreted in milk, urine or faeces.  
 Feeding 5 kg DM of maize silage at 9 rather than 1 hour before an intensive herbage meal 
resulted in a 16% increase in glucogenic precursors supply (propionate) for grazing dairy 
cows in mid lactation. 
 In a restricted herbage feeding situation, where cows have 4 hours access to the herbage 
meal, feeding maize silage at 9 rather than 1 hour before herbage reduced mobilization of 
the cows’ fat reserve and thereby, the risk of ketosis.  
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Chapter 4 
The effect of feeding maize silage 1 or 9 hours before the herbage 
meal on dry matter intake, substitution rate, milksolids response, 
rumen function, and nitrogen partitioning of lactating dairy cows 
4.1 Introduction 
Herbage is the predominant diet of New Zealand dairy cows, and is a low cost source of 
nutrients. However, variation in herbage growth rate and nutrient composition can limit animals 
dry matter (DM) intake, and herbage may be insufficient to meet cows requirements during 
some periods, particularly spring and autumn (Valentine & Kemp, 2007). Supplementary feeds 
are used to increase the animal’s DM intake and increase the nutrient supply during the periods 
of restricted herbage. However, the response of the animal to the supplement varies depending 
on different factors such as herbage allowance, herbage quality, season, stage of lactation, the 
relative energy deficits, and  amount and type of supplement (Horan et al., 2005; Khalili & 
Sairanen, 2000; Penno et al., 2006a; Peyraud & Delaby, 2001; Stakelum, 1993; Woods et al., 
2005). Usually, when grazing dairy cows are fed a supplement, herbage DM intake decreases 
due to substitution. Bargo et al. (2003) reported that for each kg DM of concentrate supplement 
consumed there was a 12 minute reduction in the time dairy cows spent eating herbage. 
Substitution is one of the main factors that can explain variation in the animal response to 
supplementary feed. Bargo et al. (2003) reported a negative relationship between substitution 
rate (SR) and milk response to the supplement.  
The time of feed supplementation is another factor that might affect SR and the animal response 
to the supplement through effects on rumen fill and satiety of grazing dairy cows. For lactating 
beef cows that had 12 hours access to herbage, concentrate supplementation in the morning 
rather than afternoon increased herbage DM intake and reduced SR (Gekara et al., 2005). Hess 
et al. (2002) reported higher forage organic matter (OM) intake and lower substitution rate for 
steers grazing summer forages and supplemented with cracked corn in the morning compared 
with those supplemented in the afternoon. In Chapter 3, it was shown that herbage DM intake 
was higher for cows fed maize silage at 9 rather than 1 hour before short and intensive herbage 
meal. This was indicative of a lower SR with feeding supplement at 9 hours before herbage. 
However, in that study, SR could not be calculated as there was no herbage only treatment. The 
objective of the current study was to investigate the effect of the time of supplementation on 
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DM intake, substitution rate, milk response, rumen function and N partitioning of late lactation 
dairy cows fed at 1 or 9 hours before an intensive herbage meal of 5 hours offered as cut and 
carry forage. 
4.2 Materials and methods 
4.2.1 Experimental site and design 
The experiment was conducted at the Lincoln University Research Dairy Farm (LURD), 
Lincoln, New Zealand (43º 38’S, 172º 27’E). The trial was conducted over a period of 27 days, 
from 17 April to 14 May 2012, using late lactation dairy cows. All procedures were approved 
by the Lincoln University Animal Ethics Committee (AEC 465). 
Nine pregnant, lactating, and rumen fistulated dairy cows were blocked into 3 groups of 3 cows 
on the basis of parity (4.1 ± 0.8), milksolids production (1.3 ± 0.11 kg MS/day), body weight 
(507 ± 19.9 kg), days in milk (253 ±12.9) and body condition score (3.8 ± 0.22). Cows within 
blocks were randomly assigned to be one of three treatments: Control, herbage only without 
maize silage; supplemented with 3 kg DM of maize silage after morning milking approximately 
9 hours before the herbage meal (9BH); supplemented with 3 kg DM of maize silage after 
evening milking approximately 1 hour before the herbage meal (1BH). Treatments were 
allocated in an incomplete 2x3 latin square design, in which each cow received two treatments. 
All cows (n=9) were offered their estimated DM intake over a period of 5 hours from 1530 to 
2030 h as cut herbage of perennial ryegrass (Lolium perenne L.) and white clover (Trifolium 
repens) pasture. During the experimental period, cows were milked twice a day (0630 and 1420 
h) and maintained on a standoff area consisting of a harrowed paddock with no access to 
vegetation with ad libitum access to the water. Cows were maintained on their treatment for 10 
days (day 1-10), then all cows were given a wash out period of 7 days (day 11-17), where they 
were returned to ryegrass-white clover pasture and fed ad libitum. After this, cows were 
allocated again to receive different treatment in another period of 10 days (day 18-27). 
4.2.2 Feeding regime  
A mixture of perennial ryegrass and white clover pasture was cut to 5 cm above ground level 
and fertilized with 30 kg of N/ha as urea 4 weeks before the start of the experiment. Herbage at 
4 weeks regrowth was cut at 1300 h daily and returned to feeding in barn. Herbage and maize 
silage were weighed and offered individually to the cows in feeding bins indoors. Each cow 
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was locked into separate head gate where herbage and maize silage were offered in a wheelie 
bins. Feed refusals were measured after the end of each feeding period. 
In order to estimate required DM intake, animals energy requirements were estimated for milk 
production and pregnancy, plus cows maintenance and activity  (Holmes et al., 2003; Nicol & 
Brookes, 2007). Required DM intake was then calculated by dividing total energy requirement 
by the mean herbage ME concentration. Required herbage DM intake was estimated by the 
following equation: 
Estimated DM intake = ((MEMaintenance + MEMilk + MEPregnancy +MEActivity)/MEHerbage) 
Substitution rate for maize silage was calculated daily for supplemented groups using the 
method described by Penno et al. (2006a). Daily mean of herbage DM intake of the 
unsupplemented group (control) minus the mean herbage DM intake of each supplemented 
group, divided by the DM intake from maize silage of the respective day. 
4.2.3 Sampling and analysis 
Feed 
Samples of herbage and maize silage (approximately 100g fresh weight each) were collected 
daily at 1400 h. Herbage and maize silage were subsampled to determine DM content and 
chemical compositions. Herbage was subsampled on day 8, 10, 25 and 27 of experiment for 
botanical composition. Sampling and analyses were carried out as described in Section 3.2.2. 
Milk 
Milk yield (g/day) was recorded for each cow at each milking using (DeLaval Alpro Herd 
Management System, DeLaval, Tumba, Sweden). Milk subsamples were collected during both 
morning and evening milking on day 10 and 27, using an automatic sampling system. One 
subsample was analysed for milk fat, protein and lactose determination. A second subsample 
was collected for milk urea N (MUN) analysis. Samples were prepared and analysed as 
described in section 3.2.2. 
Urine and faeces  
Faeces and urine samples were collected after morning milking (before maize silage was 
offered to 9BH) at 0700 h, at 1300 h, after evening milking (before maize silage was offered to 
1BH) at 1500 h, and straight after the herbage allowance (2030 h), on day 10 and 27. One faeces 
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subsample was oven dried to determine DM%. A second subsample was freeze dried and then 
ground to determine N content. Urine subsamples were analysed for urine ammonia, creatinine, 
urea and total N concentration. Urine and faeces were sampled and analysed using methods 
described in section 3.2.3. Urinary and faecal N excretion (g/day) were calculated as described 
in section 3.2.2. 
Blood 
Blood samples were collected, via coccygeal vein, after morning (before maize silage was 
offered for 9BH) at 0700 h, after evening milking (before maize silage was offered for 1BH) at 
1500, and straight after the herbage allowance (2030 h), on day 10 and 27. Blood samples were 
collected in K3EDTA-coated vacuettes for plasma collection and analysis. Blood samples were 
placed on ice immediately after collection and later centrifuged at 3000 x g for 10 min at 4oC. 
Plasma was collected into clean tubes then frozen to -20oC. Plasma subsamples were used to 
measure beta hydroxy butyric acid (BHBA), non-esterified fatty acid (NEFA) and plasma urea 
concentration. Blood sampling and analyses were conducted as described in section 3.2.2. 
Rumen samples 
Ruminal digesta was collected at every 2 hours from 0700 to 2300 h, and every 4 hours from 
2300 to 0700 h, on day 10 and 27. Samples were collected as hand grab samples from the ventral 
sac, and then squeezed through two layers of cheese cloth. The pH of the filtered ruminal fluid 
was measured immediately, and aliquot then was subsampled for volatile fatty acid (VFA) and 
NH3 analyses. All rumen sampling and analyses were carried out as described in Section 3.2.2.  
4.2.4 Statistical analysis 
The effect of time of supplementation on intake, urine, faecal, blood, and rumen measurements, 
and their interaction with time were statistically analysed by ANOVA of an incomplete latin 
square on the two periods. All statistics were conducted using GenStat 15 (Lawes Agricultural 
Trust, Rothamsted, UK). Significance different was denoted according to protected least 
significant difference (LSD) test (P < 0.05) following significant ANOVA, and trends are 
discussed if 0.10 > P > 0.05. 
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4.3 Results 
4.3.1 Feed chemical composition 
Nutritive composition of the herbage and maize silage are presented in Table 4.1. Dry matter 
content was 203 g/kg lower for herbage than maize silage. Natural detergent fibre (NDF) was 
103 g/kg lower for herbage than maize silage. Crude protein and ME were 72 g/kg and 2.9 
MJ/kg DM, respectively, higher for herbage than maize silage. 
Table 4.1 Dry matter g/kg, chemical composition g/kg DM, and ME of herbage and maize 
silage fed to dairy cows. 
Item Herbage Maize silage 
Dry matter (DM) 203 406 
Acid detergent fibre (ADF) 228 290 
Neutral detergent fibre (NDF) 397 500 
Crude protein (CP) 157 85 
Organic matter (OM) 918 961 
Organic matter digestibility (OMD) 871 676 
Dry matter digestibility (DMD) 818 637 
Starch - 200 
Water soluble carbohydrate (WSC) 179 - 
Metabolisable energy (ME) (MJ/kg DM) 12.9 10.0 
4.3.2 Sward mass and botanical composition  
The average sward post-cut mass and botanical composition of herbage are presented in Table 
4.2. 
Table 4.2 The average sward mass and botanical composition of herbage fed to dairy cows at 
late lactation 
Pre-cut sward mass (kg DM/ha) 3676 
Ryegrass  
% in sward (% of total DM) 83.6 
Stem (% of ryegrass DM) 17.0 
Leaf (% of ryegrass DM) 83.0 
Clover (% of total DM) 9.5 
Dead material (% of total DM) 6.5 
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4.3.3 Dry matter intake, dietary composition and substitution rate 
Herbage DM intake was higher for the control than 1BH, but the control was not different than 
9BH (Table 4.2). Total DM intake was increased by supplementation, but was unaffected by 
time of supplementation. Substitution rate was higher (P=0.05) for 1BH than 9BH.  
Dietary chemical composition was similar between 1BH and 9BH, but both were different from 
control. Organic matter digestibility OMD%, CP% and ME (MJ/kg DM) were higher (P<0.001) 
and fibre content (NDF and ADF %) was lower (P<0.001) for control than supplemented cows 
(Table 4.2). Crude protein intake was similar between treatments but control had a lower intake 
of OMD (kg DM/day) (P=0.08), NDF (P<0.001), ADF (P<0.001) and ME (P=0.07; MJ/day) 
than supplemented cows. 
4.3.4 Milk yield, milksolids production and composition 
There were no significant differences in milk yield, milksolids production, or the percentage 
and quantity of fat and protein between treatments. Milk urea N (P=0.004) was lower in 
supplemented than unsupplemented cows, although there was no effect of supplementation time 
(Table 4.4). 
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Table 4.3 Mean herbage, maize silage, chemical composition of the diets*, and substitution 
rate (SR) for cows fed herbage only (Control) or herbage with maize silage either at 9 (9BH) 
or 1 hour (1BH) before the herbage meal.   
 Treatments   
Item Control 1BH 9BH P LSD 
Herbage 13.71a 11.96b 12.74ab 0.03 1.23 
Maize silage  - 3.13 3.13   
Total intake 13.71a 15.09b 15.9b 0.01 1.24 
OMD% 87.2a 82.9b 83.1b <0.001 0.35 
CP, % DM 15.7a 14.2b 14.2b <0.001 0.12 
ADF, % DM 22.8a 24.1b 24.1b <0.001 0.14 
NDF, % DM 39.7a 41.9b 41.7b <0.001 0.16 
ME (MJ/kg DM) 12.9a 12.3b 12.3b <0.001 0.05 
OMD (kg/cow/day) 12.0 12.5 13.2 0.081 1.08 
CP (kg/cow/day) 2.14 2.14 2.26 0.37 0.20 
ADF (kg/cow/day) 3.14a 3.63b 3.82b <0.001 0.28 
NDF (kg/cow/day) 5.44a 6.3b 6.62b <0.001 0.49 
ME (MJ/cow/day) 176.7 185.5 195.4 0.07 16.0 
SR - 0.56 0.31 0.05 0.26 
Organic matter digestibility (OMD), Crude protein (CP), acid detergent fibre (ADF), neutral detergent fibre 
(NDF), metabolisable energy (ME). *Weighted herbage and maize silage components in diet multiply by their 
respective contents of chemical composition  Treatments with different letters within a row are significantly 
different (p<0.05). LSD, for the time of supplementation effect when α=0.05. 
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 4.3.5 Faeces and urine  
Faecal N% was lower (P=0.001) in the supplemented than control group, but there was no effect 
of supplementation time. The daily mean urine N%, ammonia (NH3), and the ratio of purine 
derivatives (allontoin + uric acid):creatinine (PD:C) was unaffected by treatments. However, 
the urine urea concentration was higher for control than 1BH, with no significant difference 
between control and 9BH or 1BH and 9BH (Table 4.4). 
 
 
 
 
 
 
 
 
 
Table 4.4 Milk yield (kg/day), milksolids (kg MS/day), percentage of fat and protein (%), fat 
and protein production (kg/day), and milk urea nitrogen (mmol/L) for cows fed herbage only 
(Control) or herbage with maize silage either at 9 (9BH) or 1 hour (1BH) before the herbage 
meal.   
 Treatment   
Item Control 1BH 9BH P LSD 
Milk yield 12.5 12.4 13.5 0.52 3.08 
Milksolids 1.27 1.30 1.41 0.31 0.21 
Fat % 6.04 6.29 6.23 0.89 1.21 
Protein % 4.33 4.49 4.35 0.78 0.55 
Fat (kg) 0.74 0.76 0.82 0.22 0.11 
Protein (kg) 0.53 0.54 0.59 0.54 0.11 
Milk Urea N(mmol/L) 5.35a 3.96b 4.62b 0.004 0.69 
Treatments with different letters within a row are significantly different (P< 0.05).  LSD, for the time of 
supplementation effect when α=0.05. 
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 4.3.6 Nitrogen partitioning 
The mean N intake and partitioning are presented in Table 4.5. Daily N intake was not 
significantly different between treatments. Nitrogen excreted in milk (g/day) and N use 
efficiency (NUE; milk N/ N intake) were unaffected by treatment (Table 4.5). Supplementation 
of maize silage reduced the proportion of N intake excreted in the urine (urine N as a % of N 
intake; P=0.01) and faeces (faecal N as a % of N intake; P<0.001), and the urine to faecal N 
ratio (P<0.001) (Table 4.5). Urinary N excretion (g/day) was lower (P<0.001) for 1BH than 
9BH and control, but there was no difference between 9BH and control. Faecal N excretion 
(g/day) was highest (P<0.001) for 9BH, lowest for control and intermediate for 1BH (Table 
4.5). 
 
 
 
 
 
 
 
 
Table 4.5 Faecal N%, and urine N%, ammonia (NH3), urea N and purine derivatives (allontoin 
+ uric acid):creatinine (PD:C) ratio for cows fed herbage only (Control) or herbage with maize 
silage either at 9 (9BH) or 1 hour (1BH) before the herbage meal.   
 Treatment  P-value  
Item Control 1BH 9BH  Trt. Time Trt. x Time LSD 
Faecal N% 3.7a 3.3b 3.4b  0.001 0.242 0.993 0.184 
Urine         
N% 0.51 0.44 0.48  0.356 <0.001 0.802 0.111 
NH3 (mmol/l) 0.66 0.59 0.31  0.115 <0.001 0.208 0.353 
Urea (mmol/l) 113.9a 90.3b 99.4ab  0.037 <0.001 0.186 17.3 
PD:C ratio 3.54 3.32 3.75  0.21 0.001 0.926 0.50 
Trt. (treatment effect), Time (time of sampling effect), Trt x Time (interaction effect).  Treatments with different 
letters within a row are significantly different (P<0.05). LSD, for the time of supplementation effect when α=0.05. 
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Table 4.6 Nitrogen intake and partitioning of N for cows fed herbage only (Control) or herbage 
with maize silage either at 9 (9BH) or 1 hour (1BH) before the herbage meal.   
 Treatment   
Item Control 1BH 9BH P LSD 
Total N intake (g/day) 342 343 362 0.363 32.4 
Milk N output (g/d) 89.9 92 98.8 0.556 19.0 
Milk N: total N intake (%) 26.1 26.9 27.3 0.885 5.50 
Urinary N excretion (g/d) 154.5a 129.6b 148.6a 0.005 13.0 
Urinary N: total N intake (%) 44.8a 38.3b 40.9b 0.010 3.70 
Faecal N excretion (g/d) 99.6a 118.4b 125.9c <0.001 5.62 
Faecal N: total N intake (%) 28.9a 34.6b 34.8b <0.001 1.65 
Urine:Faecal N ratio 1.55a 1.10b 1.19b <0.001 0.14 
N balance -0.30 1.90 -11.6 0.475 26.2 
Treatments with different letters within a row are significantly different (P<0.05). LSD, for the time of 
supplementation effect when α=0.05. 
4.3.7 Rumen pH, VFA and ammonia concentration 
The daily mean of rumen pH, concentration of total VFA, acetate, propionate, butyrate, NH3-
N, and the acetate:propionate ratio were unaffected by treatments (Table 4.6). Diurnal patterns 
of rumen pH, NH3-N, and total VFA are presented in Figure 4.1 a, b, and c, respectively. There 
was a significant treatment × time of day interactions (P<0.001, Table 4.6) for ruminal NH3-N 
concentration. Ruminal NH3-N concentration was higher for 9BH than control and 1BH at 0900 
h and lower than 1BH and control at 1300, 1500, and 1700 h. Ruminal NH3-N concentration 
was higher for control than 1BH and 9BH at 2100 and 2300 h. 
Diurnal patterns of propionate, butyrate, acetate, and the ratio of acetate:propionate are 
presented in Figure 4.2 a, b, c, d, respectively. There was significant treatment × time of day 
interaction (Table 4.6) for propionate (P=0.002) and butyrate (P<0.001) concentration, and the 
ratio acetate:propionate (P<0.001). Propionate concentration was higher for 9BH than 1BH and 
control at 0900 h. At 1700 h, propionate concentration was higher for 1BH than 9BH and 
control, and at 2100 h was higher for control than 9BH.  Butyrate concentration was higher for 
9BH than 1BH and control at 0900, 1100, 1300, and 1500 h. Butyrate concentration was higher 
for 1BH than 9BH and control at 1700 and 1900 h, and higher for control than 1BH and 9BH 
at 2100 h. 
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Table 4.7 Rumen pH, ammonia (NH3) and volatile fatty acid (VFA) production for cows fed 
herbage only (Control) or herbage with maize silage either at 9 (9BH) or 1 hour (1BH) before 
the herbage meal.   
 Treatment  P- value  
Item Control 1BH 9BH  Trt. Time Trt. x Time LSD 
Rumen pH 6.44 6.43 6.41  0.92 <0.001 0.209 0.13 
Rumen-NH3 (mmol/l) 7.5 6.07 6.19  0.108 <0.001 <0.001 1.50 
Total VFA (mmol/l) 105 106.7 110  0.415 <0.001 0.09 8.15 
Propionate (mmol/l) 22.2 22.5 22.8  0.91 <0.001 0.002 2.88 
Acetate (mmol/l) 69.1 69.9 72  0.497 <0.001 0.574 5.33 
Butyrate (mmol/l) 13.6 14.2 15.2  0.122 <0.001 <0.001 1.55 
Acetic: propionic ratio 3.29 3.33 3.32  0.955 <0.001 <0.001 0.34 
Trt. (treatment effect), Time (time of sampling effect), Trt x Time (interaction effect).  LSD, for the time of 
supplementation effect when α=0.05. 
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Figure 4.1. Diurnal patterns of a) rumen pH, b) rumen NH3-N, and c) total volatile fatty acids 
(VFA) for lactating dairy cows consuming herbage only (control; ●) or herbage with maize 
silage approximately at 1 (1BH; o) or 9 (9BH; ▼)  hours before the herbage meal. Bars 
indicate: LSD1 time effect within a treatment; LSD2 treatment effect within a time (α=0.05). 
∗ indicates significant differences (P<0.05) between means at particular sampling point. 
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 Figure 4.2 Diurnal patterns of a) propionate, b) butyrate, c) acetate, and d) 
acetate:propionate ratio for lactating dairy cows consuming herbage only (control; ●) or 
herbage with maize silage approximately at 1 (1BH; o) or 9 (9BH; ▼)  hours before the 
herbage meal. Bars indicate: LSD1 time effect within a treatment; LSD2 treatment effect 
within a time (α=0.05). ∗ indicates significant differences (P<0.05) between means at 
particular sampling point. 
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4.3.8 Blood metabolites 
The daily mean of non-esterified fatty acid (NEFA) concentration was lower (P=0.001, Table 
4.7) for 9BH than control and 1BH, with no difference between control and 1BH. The daily 
mean of beta hydroxy butyric acid (BHBA) concentration was unaffected by treatment. Plasma 
urea nitrogen (PUN) concentration was lower (P=0.05, Table 4.7) in supplemented than control 
group, but there was no time of supplementation effect. There was a significant treatment × 
time of day interaction (P<0.001, Table 4.7) for NEFA concentration. The concentration of 
NEFA was lower for 9BH than 1BH and control at 1430 h (Figure 4.3). 
Table 4.8 Blood metabolites for cows fed herbage only (Control) or herbage with maize silage 
either at 9 (9BH) or 1 hour (1BH) before the herbage meal.   
  Treatment  P- value  
Item Control 1BH 9BH  Trt. Time Trt. x Time LSD 
NEFA (mmol/l) 0.099a 0.106a 0.062b  0.001 <0.001 <0.001 0.011 
BHBA (mmol/l) 0.95 0.85 0.87  0.45 <0.001 0.169 0.185 
PUN (mmol/l) 8.49a 7.40b 7.35b  0.05 <0.001 0.093 1.000 
NEFA (Non-esterified fatty acids), BHBO (Beta hydroxy butyric acid) and PUN (Plasma urea N). Trt. (treatment 
effect), Time (time of sampling effect), Trt x Time (interaction effect). Treatments with different letters within a 
row are significantly different (P<0.05). LSD, for the time of supplementation effect when α=0.05. 
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 Figure 4.3 Diurnal changes in non-esterified fatty acids (NEFA) for lactating dairy cows 
consuming herbage only (control; ●) or herbage with maize silage approximately at 1 (1BH; 
o) or 9 (9BH; ▼)  hours before the herbage meal. Bars indicate: LSD1 time effect within a 
treatment; LSD2 treatment effect within a time (α=0.05). ∗ indicates significant differences 
(P<0.05) between means at particular sampling point. 
 
4.4 Discussion 
4.4.1 Intake and SR 
Herbage DM intake was lower for 1BH than control, but did not significantly differ between 
control and 9BH. This result reflected a lower substitution of herbage when maize silage was 
supplemented at 9 rather than 1 hour before intensive herbage meal (0.31 vs 0.56 kg DM 
herbage per kg DM maize silage, respectively). This is in agreement with Hess et al. (2002) 
who showed higher SR for steers supplemented with corn in the afternoon than those 
supplemented in the morning. The difference in SR between 1BH and 9BH may be explained 
by the rumen fill constraints resulting from maize silage feeding just before the herbage meal 
for 1BH compared with 9 hours before the herbage for 9BH. Voluntary feed intake varies 
inversely with the rumen fill capacity of forage (Balch & Campling, 1962). In addition, Allen 
(1996) reported that voluntary DM intake for feed of low digestibility is limited because of the 
distension in the gastrointestinal tract. Dry matter digestibility was low (63%) and fibre content 
was high (50%) for the maize silage used in the current study. Therefore, at the time of herbage 
meal, these results suggest a greater level of rumen fill and, hence, lower herbage DM intake 
for 1BH than 9BH.   
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In restricted feed situation in Chapter 3, herbage DM intake was lower in 1BH than 9BH. In 
this Chapter, and in line with the higher SR in 1BH than 9BH, herbage DM intake was lower 
by 0.78 kg DM/cow in 1BH than 9BH, although this effect was non-significant. The failure to 
detect a significant difference may reflect the amount of maize silage between studies. In 
Chapter 3, cows were supplemented with 5 kg DM of maize silage/cow/day compared with 3 
kg DM maize silage/cow/day in the current study. Herbage DM intake was reduced and SR 
increased when the amount of supplement increased (Bargo et al., 2002a; Moran et al., 1986; 
Robaina et al., 1998). Therefore, rumen fill constraints may have been less pronounced for 1BH 
in the current study compared with the same treatment in Chapter 3. 
4.4.2 Milk yield, milksolids production and composition 
There was a negligible effect of maize silage supplementation on milk production or 
composition. This is in agreement with Holden et al. (1995) who reported no milk response by 
supplementing maize silage for dairy cows grazing pasture. Further, Moran et al. (1986) 
reported no increase in milksolids production by supplementing grazing cows with 3 or 8 kg 
DM maize silage. The lack of response contrasts with Pérez-Prieto et al. (2011) who reported a 
5.2 kg/day increase in milk production in response to 8 kg DM of maize silage fed to grazing 
dairy cows. The lack of response in this study may be explained by the CP content of diets (15, 
14.2 and 14.2% for control, 1BH and 9BH, respectively), which may limit milk production. 
Grazing cows required 17-18% CP from DM to optimise milk production (Pacheco & Waghorn, 
2008). Moreover, Holmes et al. (2003) reported a minimum requirement of 2.5 kg of CP for 
grazing dairy cows of 450 kg of BW to produce 15 kg of milk in late lactation. Although 
supplemented groups tended to have higher ME intake than control (176.7, 185.5, and 195.4 
MJ/cow/day for control, 1BH, and 9BH, respectively), CP intake was unaffected by treatments 
(2.14, 2.14, and 2.26 kg DM/cow/day for control, 1BH, and 9BH, respectively).  
Time of supplementation did not significantly affect milk production or composition. This is 
consistent with several studies showing no change in milk production (Kolver et al., 1998; 
Mitani et al., 2005; Trevaskis et al., 2004; Vaughan et al., 2002) or milk composition (Kolver 
et al., 1998; Trevaskis et al., 2004; Vaughan et al., 2002) in responses to changing the time of 
supplementation relative to the herbage allocation. In contrast, Sheahan et al. (2013) showed a 
tendency for 0.18 kg milk per kg DM concentrate higher milk response when grazing dairy 
cows supplemented in the morning than those supplemented in the afternoon. In addition, it 
was shown in Chapter 3 that milksolids production was 150 g/cow higher for lactating dairy 
cows supplemented with maize silage at 9 rather than 1 hour before the herbage meal. In this 
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study the time of supplementation resulted in a small effect of 0.35 kg/cow milk per kg DM of 
maize silage higher milk yield response and 110 g higher milksolids production for 9BH than 
1BH.  
4.4.3 Nitrogen metabolism and partitioning 
Maize silage supplementation did not markedly affect the N concentration in the urine or 
urinary N excretion, but reduced the proportion of N intake excreted in urine. Valk (1994) 
reported that feeding maize silage to grazing dairy cows can improve N utilization and reduce 
urinary N deposition to the pasture by reducing N intake. However, in this study maize silage 
supplementation did not change N intake (342, 343 and 362 g N/cow/day for control, 1BH, and 
9BH), leading to a small effect on urinary N excretion. Although, maize silage had lower N 
content than herbage (13.6 vs 25 g N/kg DM), total DM intake was increased due to 
substitution, leading to similar N intake between treatments.  
Faecal N concentration was reduced by maize silage supplementation. This is in agreement with 
Carlier and Verbruggen (1996) who reported a reduction in faecal N content (g/kg DM) for 
cows grazing pasture during the day and supplemented with 5.3 kg DM of maize silage during 
the night compared with those grazing solely pasture during the day and night. This reduction 
in faecal N concentration by maize silage supplementation may be explained by the higher 
dilution rate in the faeces of supplemented cows compared with control. For control cows with 
total DM intake of 13.7 kg DM/cow/day and diet digestibility of 87.2%, calculated faeces 
volume would be 1.75 kg DM/cow/day. From this and N intake of 342 g N/cow/day, the 
calculated ratio of N intake to faeces volume is 0.2 g of N intake per g of faeces. This value is 
higher than the 0.133 and 0.135 g of N intake per g of faeces for 1BH and 9BH, respectively.  
Maize silage supplementation increased faecal N excretion, and resulted in lower urine to faecal 
N ratio. This may be explained by three possible reasons. First, it may be related to a difference 
in the diet content of degradable and undegradable CP between supplemented and control 
group. Clark and Woodward (2007) reported that for perennial ryegrass and white clover 
pasture, 80% of CP content is degraded in the rumen compared with 54% for the maize silage 
(Nocek & Russell, 1988). Therefore, Valk (1994) hypothesised that due to the effect of higher 
undegradable protein fraction, feeding maize silage can relatively increase faecal N excretion 
for grazing dairy cows. Based on degradable protein content of 80% for herbage (Clark & 
Woodward, 2007) and 54% for maize silage (Nocek & Russell, 1988), calculated undegradable 
intake protein was significantly increased with maize silage supplementation (0.43, 0.50, and 
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0.52 kg/cow/day for control, 1BH, and 9BH, respectively). Thus, the higher undegradable 
intake of protein associated with maize silage supplementation may provide a partial 
explanation for the higher faecal N excretion in 1BH and 9BH compared with the control. 
The second explanation may be related to better utilization of ruminal NH3-N that could be 
associated with the relative higher intake ratio of ME to CP for supplemented than control cows 
(87 vs 82, respectively) (Holden et al., 1995; Moran & Jones, 1992; Tamminga, 1992; Valk, 
1994). The mean ruminal NH3-N concentration tended to be higher for the control than 1BH 
and 9BH. In addition, after the herbage meal, during the period from 2100 to 2300 h, the 
concentration of ruminal NH3-N was higher for control than supplemented cows. This is in 
agreement with Holden et al. (1995) who used blood urea N as an indirect measure of ruminal 
NH3-N loss and showed a reduction in blood urea N concentration by supplementing grazing 
dairy cows with 2.3 kg DM of maize silage compared with those fed pasture only. However, N 
intake was lower for supplemented cows than those fed herbage only in the study of Holden et 
al. (1995). Therefore, Holden et al. (1995) suggested that whether the lower blood urea N 
concentration resulted from better utilization of ruminal NH3-N or from lower N intake was 
unclear. Results from the current study suggest a better utilization of ruminal NH3-N by maize 
silage supplementation and possibility of higher microbial protein production. No direct 
measurement were made for microbial growth protein production. However, the ratio of purine 
derivatives:creatinine was used as indicator for microbial protein yield (see section 3.4). Purine 
derivatives:creatinine ratio was unaffected by treatments. However, lower peak concentration 
of ruminal NH3-N for supplemented than control cows is strongly suggests a better utilization 
of ruminal NH3-N. This was most likely happened in response to maize silage feeding 
(Gregorini et al., 2010b). This suggestion was supported with the higher concentration of PUN, 
MUN and urine urea for control than supplemented cows. 
The third explanation may be related to the hind gut starch fermentation. Mature maize silage 
can results in significant amount of starch escape the rumen and fermented in the cecum 
(Orskov et al., 1970). Starch digestion in the cecum can led to production of microbial protein 
from urea enters the large intestine and residual N in the digesta, and results in higher amount 
of N excreted in faeces with a correspondence reduction in urinary N excretion (Orskov, 1986). 
In the current study maize grains were seen in the cows faeces, suggesting undegraded starch 
was escaped the rumen and possibility of starch fermentation in the large intestine.   
Time of supplementation influenced N partitioning of cows with less N excreted in the urine 
and faeces for 1BH than 9BH. There may be three possible explanations for this. First, N intake 
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was marginally (20 g/cow/day) higher for 9BH than 1BH (362 and 343 g of N/day, 
respectively). Nitrogen excretion is known to be sensitive to small changes in N intake, 
particularly at a high level of N intake/day (Castillo et al., 2000). Based on prediction equation 
from Castillo et al. (2000), the 20 g/day increase in N intake between 9BH and 1BH would 
increase N excretion by 11 g/d for urine and 5 g/d for faeces. These values are slightly lower 
than actual values of 19 and 7 g/day, respectively. Second, there may be more recycling of urea 
back to the rumen in 1BH than 9BH. Although 1BH had no access to vegetation during the 
period from 2030 to 1430 h, ruminal NH3-N concentration was increased during the period 
from 0900 to 1430 h. A similar pattern of ruminal NH3-N increase was observed in Chapter 3 
for cows supplemented with maize silage 1 hour before the herbage meal. Thus, urinary N may 
be reduced and the amount of N available for production may be increased for 1BH compared 
with 9BH (Lapierre et al., 2005). This suggestion was supported by the numerical higher milk 
urea N (4.62 vs 3.96 mmol/l) and urine urea (99.4 vs 90.3 mmol/l) concentration for 9BH than 
1BH, respectively. Third, although milk production was unaffected by time of supplementation, 
1BH appeared to deposit 1.9 g of N/day to their muscle, while 9BH mobilized 11.6 g of N/day 
from their body muscle.   
Rumen NH3-N was higher for 9BH than 1BH and control at 0900 h in response to maize silage 
supplementation. A similar pattern of increase was observed in Chapter 3, where cows fed 
maize silage at 9 compared with 1 hour before herbage showed a higher ruminal NH3-N 
concentration at 0900 and 1100. This was attributed to the accumulation of N from maize silage 
in the rumen. Low N available in the rumen at the time of maize silage feeding was suggested 
to limit microbial growth and hence, capture of N coming from maize silage.     
The peak of ruminal NH3-N concentration was not affected by time of supplementation (13.0 
and 13.4 mmol/l for 1BH and 9BH, respectively). This is in contrast with Chapter 3 and 
Gregorini et al. (2010b) where the peak of ruminal NH3-N concentration was reduced by 
supplementing maize silage at 9 rather than 1 hour before the herbage. The difference between 
the current and latter studies may reflect the higher proportion of maize silage of total DM 
intake at Chapter 3 (31%) and Gregorini et al. (2010b) (40%) compared to current study (19%). 
Further, cows were supplemented with 5 kg DM of maize silage/cow/day in the study of  
Chapter 3 compared with 3 kg DM of /cow/day in the current study. Therefore, the amount of 
nutrients offered by supplementing cows with 3 kg DM of maize silage may be insufficient to 
create a significant difference in number of microbes available in the rumen and, hence, 
utilization rate of ruminal NH3-N at the time of herbage (N source) intake.  
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4.4.4 Rumen pH and VFA concentration  
Maize silage supplementation did not affect the daily mean of rumen pH and VFA 
concentration. However, the control had the highest concentration of propionate and butyrate 
at 2100 h. These results may reflect differences in water soluble carbohydrate (WSC) intake 
during the period of herbage intake. Fermentation of sugars results in an increase in propionate 
and butyrate production (Chamberlain et al., 1983; Lee et al., 2002). The higher herbage DM 
intake may have resulted in a higher WSC intake for control than supplemented cows during 
the period of herbage intake (2.5, 2.1 and 2.2 kg WSC/cow/day for control, 1BH and 9BH, 
respectively).  
Time of supplementation did not affect the daily mean of rumen pH and VFA concentration. 
This is in contrast with Chapter 3 (section 3.3.2.6) and Gregorini et al. (2010b) where rumen 
pH was lower and propionate concentration was higher for 9BH than 1BH. Rumen pH and VFA 
production are a function of feed intake as this will affect the amount of easily fermentable 
carbohydrate DM intake (Graf et al., 2005). The proportions of maize silage used in Chapter 3 
and the study of Gregorini et al. (2010b) were higher than the current study. Therefore, the 
amount of starch intake and subsequent propionate production may have not been sufficient in 
the current study to decrease the rumen pH compared to the control, or create time effect for 
9BH compared to 1BH.      
Diurnal fluctuations in propionate and butyrate concentrations, and the acetate:propionate ratio 
were linked to the feeding pattern of each treatment. Feeding maize silage at 0700 h for 9BH 
resulted in higher concentration of propionate at 0900 h and butyrate from 0900 to 1430 h 
compared with 1BH. On the other hand, feeding maize silage at 1430 h for 1BH resulted in a 
higher concentration of propionate at 1700 h and butyrate at 1700 and 1900 h compared with 
9BH. Consequently, at the same level of acetate production, the acetate:propionate ratio was 
lower at 0900 and 1100 h, and higher at 1700 h for 9BH than 1BH. It is commonly agreed that 
propionate and butyrate are mainly a result of non-structural carbohydrate fermentation in the 
rumen. Maize silage contains a high amount of non-structural carbohydrate (386 g/kg DM), in 
which more than 50% is starch (200 g/kg DM). 
4.4.5 Blood NEFA 
Daily mean of non-esterified fatty acid (NEFA) concentration was significantly lower for 9BH 
than 1BH and control. This is in agreement with Chapter 3, which showed lower concentration 
of NEFA for 9BH than 1BH. Non-esterified fatty acids are the direct outcome of lipid 
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mobilization in dairy cattle (Adewuyi et al., 2005). Therefore, these results may suggest that 
under restricted feed strategy where the cows fasting for long hours before allocation to an 
intensive herbage meal, feeding supplement at 9 rather than 1 hour before the herbage meal can 
reduce the mobilization of animal body reserves.  
4.5 Conclusion 
 Maize silage fed to dairy cows reduced herbage DM intake through high levels of 
substitution rate, but increased total DM intake. 
 Feeding maize silage at 9 rather than 1 hour before an intensive herbage meal reduced the 
substitution of herbage, and increased herbage DM intake. 
 In comparison with herbage only, feeding maize silage improved the utilization of ruminal 
NH3-N and reduced urinary N excretion and urine:faecal N ratio under the same level of  
N intake. 
 Feeding a small portion of maize silage (19% of total DM intake; 3 kg DM/cow/day) at 1 
rather than 9 hours before an intensive herbage meal for late lactating dairy cows increased 
the amount of N available for production and reduced N loss to the environment (faecal 
and urine N g/day).  
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Chapter 5 
Effects of time of maize silage supplementation on herbage intake, 
milk production, grazing behaviour, rumen function and nitrogen 
partitioning of grazing dairy cows 
5.1. Introduction 
Pastures based on perennial ryegrass and white clover, form the basis of low cost systems of 
dairy production in temperate regions (Peyraud & Delaby, 2001). However, quantity and 
quality of herbage produced can be inadequate at some time periods, particularly early spring 
and autumn (Valentine & Kemp, 2007). Nitrogen (N) fertilizer is widely used to stimulate 
herbage growth in these times. However, while a high N content may stimulate herbage growth, 
it may be offer N in excess to dairy cows requirement (Clark & Woodward, 2007). Excess N 
consumed is excreted in urine and faeces. Most of the excreted N is prone to either leaching as 
nitrate to the soil and ground water, volatilisation as ammonia, or denitrification as nitrous oxide 
(N2O) to the atmosphere (de Klein & Ledgard, 2001). The pasture based dairy production 
system is the key contributor of N pollution in New Zealand (Di & Cameron, 2002).  
Supplement with a low N content feed such as maize silage can be used to dilute excessive N 
intake usually supplied by herbage (Ledgard et al., 2000; Valk, 1994). Gregorini et al. (2010a) 
reported a reduction in ruminal NH3-N and urine-N concentrations by supplementing dairy 
cows with maize silage compared to those fed herbage only. Feeding maize silage tended to 
increase the proportion of N intake excreted in milk and reduced milk urea concentration for 
grazing dairy cows in the study of Velik et al. (2008). However, it is not clear whether this was 
due to a lower N intake or improvement in ruminal N capture. With similar N intake in Chapter 
4, it was shown that feeding maize silage reduced milk and plasma urea N, and the urine:faecal 
N ratio compared to those fed herbage only. In addition, it was shown in Chapter 3 that feeding 
maize silage at 9 rather than 1 hour before the herbage meal reduced the peak concentration of 
ruminal NH3-N. However, it was suggested that a grazing study was required to confirm 
previous results.  
Restricted grazing, whereby cows spent less time on the pasture, is another feeding strategy that 
can be used to reduce urinary N deposition to the pasture (Kristensen et al., 2007). The aim is 
for dairy cows to quickly consume a high proportion of daily DM intake from herbage before 
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being returned to a standoff area, where urine and faeces can be captured and spread in an 
efficient manner throughout an effluent system. However, severe restricted grazing strategy 
(e.g. 4-5 hours access to pasture) may reduce herbage intake and milk production of the dairy 
cows (Mattiauda et al., 2003; Pérez-Ramírez et al., 2009). Therefore, supplement can be used 
to moderate the effect of feed restriction by maintaining dry matter (DM) intake and production. 
However, the response of the animal to the supplement is varied and can be affected by different 
factors such as season, stage of lactation, and supplement type and amount (Bargo et al., 2002a). 
Substitution rate, which is the reduction of herbage DM kg per kg DM of supplement, is the 
key factor that determines the total DM intake and milk production (Bargo et al., 2002a). In the 
context of restricted grazing, it is notable that a hunger level may motivate animals to eat more 
(Gregorini et al., 2009) and may modify grazing behaviour to increase DM intake (Gregorini et 
al., 2009; Pittroff & Soca, 2006). This motivation can be affected by the time elapsed between 
meals, amount of time with access to the food and also the frequency of meals (Gregorini et al., 
2009; Jensen & Toates, 1993). Gregorini et al. (2009) studied the effect of hunger level 
measured by non-esterified fatty acids (NEFA) and ghrelin on foraging behaviour and herbage 
DM intake for heifers grazing for 22 hours, or restricted to 8 hours or 2 periods of 4 hours 
access to the pasture. They reported that higher herbage intake rate and hence herbage DM 
intake were associated with higher hunger level in heifers restricted to 8 hours access to pasture. 
The question that arises from this is whether the time of supplementation relative to feeding a 
herbage meal can be used to create a higher level of hunger and, thereby, increase total DM 
intake and lower the substitution rate. The indoor study conducted in chapter 4 showed that 
feeding maize silage at 9 rather than 1hour before the herbage meal reduced SR and increased 
herbage intake. However, it was concluded that a grazing study was required to confirm the 
results and also to study the effect of time of supplementation on grazing behaviour. 
The objective of this study was to investigate the effect of feeding maize silage at 2 or 9 hours 
before an intensive herbage meal in the evening on the hunger level, herbage and total DM 
intake, grazing behaviour, N partitioning and rumen function of grazing dairy cows in late 
lactation. 
5.2 Material and methods  
5.2.1 Experimental site and design  
The experiment was conducted at the Lincoln University Research Dairy Farm (LURDF), 
Lincoln, New Zealand (43º 38’S, 172º 27’E). The trial was conducted over a period of 21days, 
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from 6 to 26 March 2013, using late lactating dairy cows. All procedures were approved by the 
Lincoln University Animal Ethics Committee (AEC 510). 
Thirty six, including 9 rumen-fistulated, lactating dairy cows were blocked in to 9 groups of 4 
cows by milksolids production (1.26 ± 0.25 kg MS/day), body weight (BW) (466 ± 65 kg), 
body condition score (BCS) (4 ± 0.48) and days in milk (197 ± 15). Each group contained one 
rumen-fistulated cow. Groups were then randomly assigned to one of three replicates of three 
treatments: control, herbage only; supplemented with 3 kg DM of maize silage after morning 
milking approximately 9 hours before the herbage meal, 9BH; supplemented with 3 kg DM of 
maize silage before evening milking approximately 2 hour before the herbage meal, 2BH. All 
groups were allocated to 14 kg DM of perennial rye grass-white clover pasture per cow per day, 
above a residual of 1500 kg DM/ha, over a period of 5 hours, from 1530 to 2030 h. Cows were 
offered 2 kg DM/cow/day more herbage than daily estimated herbage DM intake based on cows 
metabolizable energy (ME) requirement; this was to avoid any potential constraints to herbage 
intake associated with grazing to low herbage mass. Cows were milked twice a day at 0630 and 
1420 h, and maintained on a standoff area (a harrowed paddock with no access to vegetation) 
with ad libitum access to the water when not fed silage, herbage or milked. The experiment 
included a 12 days adaptation period (days 1-12) prior to a 9 days measurement period (days 
13-21).  
5.2.2. Feeding regime 
Four 1.5-ha paddocks of perennial ryegrass dominated pasture (Lolium perenne L., 84.9%; 
Trifolium repens, 4.5%; weed, 4.7%; and dead material 5.8%) were used in this experiment. 
Half of each paddock (0.75 ha) was grazed to 5 cm above ground level and fertilized with 50 
kg of N/ha as urea 4 weeks before the start of the experiment. One week later the second half 
of each paddock was grazed and fertilized (3 weeks before the start of the experiment). During 
the experiment, cows strip grazed the first half of each paddock (4 weeks of regrowth) before 
strip grazing the second half. This procedure ensured that herbage with similar quality and level 
of maturity was consumed throughout experiment.   
During the first 9 days of the experiment, cows of each treatment grazed as one herd of 12 cows. 
On day 10, cows were split to their groups of 4 cows (9 groups) and allocated to grazing separate 
areas. One group of each treatment (3 groups) grazed adjacent areas in the same paddock. Maize 
silage was weighed and offered individually to the cows in feeding bins indoors and refusals 
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were measured. Each cow was locked into a separate head gate where maize silage was offered 
in a wheelie bin.  
5.2.3 Measurements and sampling 
Herbage 
Herbage DM intake was estimated per group by the difference method using pre- and post- 
grazing measurements from a rising plate meter (Kellaway et al., 1993). A total of 30 rising 
plate meter (RPM) measurements (JenQuip) were taken at random pre- and post-grazing in each 
group grazing area. To calibrate height measurements of herbage, one pasture site (0.2 m2) was 
selected per herbage break of each group. The herbage height was measured with the RPM at 
these sites and herbage under the plate meter was cut to the ground level. The pre and post-
grazing calibration cuts were collected and then dried in an air forced oven at 60oC for 48 h to 
determine DM weight. This was done in the morning three times a week. These calibration 
results were used to determine the calibration curve to estimate herbage DM (kg/ha) in relation 
to the RPM measurement: kg DM/ha = RPM x 151.93-112.63; R2= 0.803.   
Herbage samples were collected three times per week prior to grazing at 1200 h to determine 
the nutritive value of the pasture. The herbage was plucked with shears from the grazing horizon 
(5cm above ground level) along a zigzag transect through the break of each group. 
Approximately 4-5 plucks were obtained from each break where they were mixed and 
subsampled for dry matter content, and chemical and botanical composition. Herbage was 
analysed using the method described in section 3.2.2. 
Required herbage DM intake was calculated based on mean ME requirements for each group 
of cows (Holmes et al., 2003; Nicol & Brookes, 2007). Required DM intake was calculated 
using method described in section 4.2.2. Substitution rate for maize silage was calculated daily 
for supplemented groups using the method described by Penno et al. (2006a); daily mean of 
herbage DM intake of the unsupplemented group minus the mean herbage DM intake of each 
supplemented group, divided by the DM intake from maize silage of the respective day. 
Maize silage  
Two samples of maize silage (approximately 100g fresh weight each) were collected every 
second day at 1330 h. Maize silage was subsampled to determine DM content and chemical 
compositions using the methods described in section 3.2.2. 
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Milk 
Milk yield (kg/day) was recorded for each cow at each milking (DeLaval Alpro Herd 
Management System, DeLaval, Tumba, Sweden). Milk subsamples were collected during 
morning and evening milking on day 13 and 21 using an automatic sampling system. One 
subsample was analysed for milk fat, protein and lactose determination. A second subsample 
was collected for milk urea N (MUN) analyses. Samples were prepared and analysed as 
described in section 3.2.2. 
Urine and faeces  
Faeces and urine were collected from each cow after morning milking (before maize silage was 
offered to 9BH) at 0700 h, at 1200 h, after evening milking (after maize silage was offered to 
2BH) at 1500 h, and after herbage allowance (at 2100 h), on day 13 and 21. Samples were 
collected after voluntary excretion or manual stimulation. Urine was acidified to a pH < 4 to 
prevent volatilization. All samples were then frozen to -20oC until subsampled. One faeces 
subsample was oven dried to determine DM%. A second subsample was freeze dried and then 
ground to determine N content. Urine subsamples were analysed for urine ammonia, creatinine, 
urea and total N concentration. Urine and faeces were sampled and analysed using methods 
described in section 3.2.2. Urinary and faecal N excretion (g/day) were calculated as described 
in section 3.2.2. 
Blood 
Blood samples were collected from each cow, via coccygeal vein, after morning (before maize 
silage was offered for 9BH) at 0700 h, after evening milking (after maize silage was offered for 
2BH) at 1500, and straight after the herbage allowance (at 2100 h), on day 13 and 21. Blood 
samples were collected in K3EDTA-coated vacuettes for plasma collection and analysis. Blood 
samples were placed on ice immediately after collection and later centrifuged at 3000 x g for 
10 min at 4oC. Plasma was collected into clean tubes then frozen to -20oC. Plasma subsamples 
were used to measure beta hydroxy butyric acid (BHBA), non-esterified fatty acid (NEFA) and 
plasma urea concentration (PUN). Blood sampling and analyses were conducted as described 
in section 3.2.2. 
Rumen samples 
Ruminal digesta was collected  from  the nine fistulated cows after morning milking (before 
maize silage was offered to 9BH) at 0700 h, at 1130 h, after evening milking (after maize silage 
was offered to 2BH) at 1500 h, and after herbage allowance (at 2100 h), on day 15 and 16. 
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Samples were collected as hand grab samples from the ventral sac, and then squeezed through 
two layers of cheese cloth. The pH of the filtered ruminal fluid was measured immediately, and 
aliquot then was subsampled for volatile fatty acid (VFA) and NH3 analyses. All rumen 
sampling and analyses were carried out as described in section 3.2.2.  
Grazing behaviour 
Grazing behaviour was determined for each cow during the 5 hours of herbage allowance on 
day 18. Three trained observers were assigned randomly to each paddock of which three groups 
were grazing adjacent breaks (one observer per three groups). Grazing, ruminating and idling 
(not grazing or ruminating) behaviour were recorded to each cow every 5 minutes. Time of 
each activity was calculated by multiply the frequency of each activity by 5 minutes interval. 
The proportion of time cows spent grazing (fractional grazing time) was estimated by dividing 
the grazing time by the total time spent on pasture. Herbage mass was recorded, pre-grazing, 
every hour (0, 60, 120, 180, 240 and 300 minutes) of herbage allowance. This was recorded by 
taking 20 rising plate meter measurements in each group grazing area.  
Herbage mass disappearance rate was calculated by fitting herbage mass data (𝑦𝑦) taken from 
each group of cows to the model of Ørskov and McDonald (1979) (𝑦𝑦 = 𝑎𝑎 − 𝑏𝑏 (1 −exp(−𝑐𝑐 𝑥𝑥 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)) where 𝑎𝑎 represents initial available herbage mass, 𝑏𝑏 potential herbage mass 
disappearance, and 𝑐𝑐, fractional disappearance rate (%/h) of herbage mass. Parameters were 
estimated using SigmaPlot 12.0. Herbage mass disappearance rate (kg of herbage DM/ha per 
hour) were estimated for 0, 60, 120, 180, 240 and 300 minutes after the herbage allowance 
started as described by Gregorini et al. (2009). 
Animal body weight and body condition score 
Body weight was recorded using a weigh scale on day 0, 12 and 21. An experienced observer 
determined the BCS of cows, on day 0, 12 and 21, based on New Zealand scoring system (1-
10) (Roche et al., 2009). 
5.2.4 Statistical analysis  
The group of cows was used as the experimental unit in this experiment. The average DM intake 
of the group was analysed using repeated measure ANOVA with time of feeding as treatment, 
day as a repeated measure and group as replicate. Body weight, BCS, milksolids production 
and milk compositions were analysed using repeated measure ANOVA with time of feeding as 
treatment, sampling day as a repeated measure and group as replicate. Time cows spent grazing, 
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idling and ruminating were analysed using repeated measure ANOVA with time of feeding 
maize silage as treatment, hour of herbage allowance as a repeated measure and group as 
replicate. Potential herbage disappearance rate were analysed separately for each hour of 
herbage allowance using one way ANOVA with time of supplementation as treatment and 
group as replicate. Blood, urine and faecal samples were averaged at each time across the two 
sampling days and were analysed using repeated measure ANOVA with time of feeding as 
treatment, day as a repeated measure and group as replicate. Rumen pH, NH3-N and VFA 
concentration were analysed using repeated measure ANOVA with time of feeding maize silage 
as treatment effect, time of sampling as a repeated measure and cow as replicate. When 
ANOVA showed significant differences, treatment means were separated according to a 
protected least significant difference (LSD) test (α < 0.05). 
5.3 Results 
5.3.1 Feed chemical composition 
Nutritive composition of the herbage and maize silage are presented in Table 5.1. Dry matter 
content was 184 g/kg lower for herbage than maize silage. Consequently, natural detergent fibre 
(NDF) was 111 g/kg lower for herbage than maize silage. However, CP and ME were 116 g/kg 
and 2.3 MJ/kg DM, respectively, higher for herbage than maize silage.     
5.3.2 Dry matter intake, dietary composition and Sub rate 
Herbage DM intake was highest for control and lowest for 2BH (P=0.004; Table 5.2). Total 
DM intake was increased by supplementation and was 0.8 kg DM higher for 9BH than 2BH 
(P<0.001; Table 5.2). Maize silage DM intake was similar between supplemented groups. 
However, substitution of herbage by maize silage (kg DM herbage per kg DM maize silage) 
was 0.28 lower (P=0.003) for 9BH than 2BH.  
Dietary chemical composition was similar between supplemented cows (2BH and 9BH), but 
both were significantly different with the control. Organic matter digestibility OMD% 
(P=0.002), CP% (P=0.004) and ME MJ/kg DM (P=0.011) were higher and fibre content (NDF; 
P<0.001 and ADF; P=0.04) % was lower for control than supplemented groups (Table 5.2). 
Daily intakes of OMD, NDF (kg DM/day) and ME (MJ per day) were lower (P<0.001; Table 
5.2) for control than supplemented cows, and lower (P<0.001; Table 5.2) for 1BH than 9BH. 
In addition, CP intake (kg/day) tended (P=0.07) to be higher for 9BH than 2BH and control.  
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5.3.3 BW and BCS 
Cows lost weight throughout trial, with a tendency for a less BW loss in supplemented than 
unsupplemented cows (P=0.07; Table 5.2), with no time of supplementation effect.  
Table 5.1 Dry matter g/kg, chemical composition g/kg DM and ME of herbage and maize 
silage fed to grazing dairy cows. 
Item Herbage Maize silage 
Dry matter (DM) 185 369 
Acid detergent fibre (ADF) 243 311 
Neutral detergent fibre (NDF) 437 548 
Crude protein (CP) 196 80 
Organic matter (OM) 902 966 
Organic matter digestibility (OMD) 832 647 
Dry matter digestibility (DMD) 784 608 
Starch - 182 
Water soluble carbohydrate (WSC) 160 - 
Metabolisable energy (ME) (MJ/kg DM) 12.1 9.8 
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Table 5.2 Mean herbage, maize silage, total DM and nutrients intake (kg DM/day), chemical 
composition of the diets*, substitution rate (SR), and change in body weight (BW) and body 
condition score (BCS) for cows grazing pasture only (Control) or herbage with maize silage 
either at 9 (9BH) or 2 hour (2BH) before the herbage meal.   
 Treatments   
Item Control 2BH 9BH P LSD 
Herbage 11.5a 10.1 b 10.9c 0.004 0.62 
Maize silage  - 3.0 3.0 0.37 0.04 
Total intake 11.5a 13.1b 13.9c <0.001 0.61 
OMD% 83.2a 79.0b 79.2b 0.002 1.74 
CP, % DM 19.6a 17.0b 17.1b 0.004 1.30 
ADF, % DM 24.3a 26.0b 26.0b 0.038 1.22 
NDF, % DM 43.7a 46.2b 46.1b <0.001 0.75 
ME (MJ/kg DM) 12.1a 11.6b 11.6b 0.011 0.32 
OMD (kg/cow/day) 9.5a 10.3b 11.0c <0.001 0.47 
CP (kg/cow/day) 2.3 2.2 2.4 0.07 0.15 
ADF (kg/cow/day) 2.8a 3.4b 3.6b <0.001 0.24 
NDF (kg/cow/day) 5.0a 6.0b 6.4c <0.001 0.31 
ME (kg/cow/day) 139a 151b 161c <0.001 7.12 
SR - 0.47 0.19 0.003 0.12 
Change in BW (kg/day) -0.95 -0.44 -0.58 0.07 0.44 
Change in BCS -0.46 -0.30 -0.38 0.58 0.37 
Organic matter digestibility (OMD), Crude protein (CP), acid detergent fibre (ADF), neutral detergent fibre 
(NDF), metabolisable energy (ME). *Weighted herbage and maize silage components in diet multiply by their 
respective contents of chemical composition Treatments with different letters within a row are significantly 
different (p<0.05). LSD, for the time of supplementation effect when α=0.05. 
 
5.3.4 Milk yield, milksolids production and composition 
There were no difference in milk yield, milksolids production, or the percentage and quantity 
of fat and protein between treatments. Maize silage supplementation tended to reduced milk 
urea N (P=0.06), but there was no effect of time of supplementation (Table 5.3). 
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 5.3.5 Grazing behaviour 
The total time cows spent grazing and idling did not significantly differ between treatments 
(Table 5.4). Consequently, fractional grazing time, as measured by the time cows spent grazing 
over the total time available for grazing, did not differ significantly between treatments (Table 
5.4). However, herbage intake rate was lowest for 2BH, greatest for control and intermediate 
for 9BH (P=0.046; Table 5.4). The control treatment did not spend any time ruminating during 
the period when herbage was available. The 2BH treatment spent longer ruminating (P=0.009; 
Table 5.4) than 9BH.   
There was significant treatment × hour interactions during the period when herbage was 
available, for grazing (P=0.024) and idling time (P=0.046; Table 5.4). Cows in the control 
treatment spent longer time grazing than 2BH during the third and fourth hour of the period 
when herbage was available (Figure 5.1a). However, 2BH spent longer and 9BH shorter time 
grazing during the last hour of the period when herbage was available. Correspondingly, 2BH 
spent longer idling during the third and fourth hour of the period when herbage was available 
and shorter time during the last hour of the period when herbage was available (Figure 5.1b).  
 
 
Table 5.3 Milk yield (kg/day), milksolids (kg MS/day), percentage of fat and protein (%), fat 
and protein production (kg/day), and milk urea nitrogen (mmol/L) for cows grazing pasture 
only (Control) or herbage with maize silage either at 9 (9BH) or 2 hour (2BH) before the 
herbage meal.   
 Treatment   
Item Control 2BH 9BH P LSD 
Milk yield 11.6 12.8 13.0 0.36 2.39 
Milksolids 1.12 1.20 1.26 0.22 0.157 
Fat % 5.78 5.51 5.75 0.47 0.544 
Protein % 4.04 3.98 4.04 0.88 0.331 
Fat (kg) 0.66 0.69 0.74 0.18 0.090 
Protein (kg) 0.47 0.51 0.52 0.32 0.080 
Milk Urea N (mmol/L) 6.5 5.2 5.6 0.06 1.14 
Treatments with different letters within a row are significantly different (P< 0.05).  LSD, for the time of 
supplementation effect when α=0.05. 
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Table 5.4 Grazing, idling and ruminating behaviour, intake rate, and fractional grazing time for cows grazing pasture only (Control) or herbage 
with maize silage either at 9 (9BH) or 1 hour (1BH) before the herbage meal. 
 Treatment  P- value  
Item Control 1BH 9BH  Trt. Time Trt. x Time LSD 
Grazing time,1 min 258.5 242.9 245.4  0.120 <0.001 0.024 23.7 
Idling time,2 min 41.5 52.9 53.3  0.220 <0.001 0.046 25.3 
Ruminating time,3 min 0.0a 4.2b 1.3a  0.009 0.53 0.57 2.2 
Intake rate,4 g/min 45.3b 41.5a 44.6b  0.046 - - 2.4 
Fractional grazing time,5 % 86.2 81.0 82.0  0.130 - - 7.9 
1Total time of grazing during the period when herbage was available (5 hours). 2Idling time during the period when herbage was available (5 hours). 3Ruminating time 
during the period when herbage was available (5 hours). 4 Average of daily herbage DM intake (g) divided by time (min) cows spent grazing. 5fractional grazing time = 
the actual time cows spent grazing/the total time available for grazing. Trt. (treatment effect), Time (at hourly interval during a 5 hour grazing period), Trt x Time 
(interaction effect). Treatments with different letters within a row are significantly different (P<0.05). LSD, for the time of supplementation effect when α=0.05.   
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Figure 5.1 Time of a) grazing and b) idling (minutes) at hourly intervals during the period 
when herbage was available (5 hours) for lactating dairy cows grazing pasture only (control) 
or herbage with maize silage at 2 (2BH) or 9 (9BH)  hours before the herbage meal. Bars 
indicate: LSD1 time effect within a treatment; LSD2 treatment effect within a time (α=0.05). 
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Herbage disappearance  
The herbage disappearance for control, 1BH and 9BH is presented in Figure 5.2, and parameter 
estimates for the model used to represent herbage mass disappearance rate and rates every hour 
during the period when herbage was available are presented in Table 5.5. Potential herbage 
disappearance tended (P=0.084) to be lowest for 2BH, highest for control, and intermediate for 
9BH. Herbage disappearance rate was lowest for 2BH (P=0.03) after 60 minutes compared with 
control and 9BH.  
 
 
Figure 5.2 Herbage mass disappearance at hourly intervals during the period when herbage 
was available (5 hours) for lactating dairy cows grazing pasture only (control; ●) or herbage 
with maize silage at 2 (2BH; o) or 9 (9BH; ▼)  hours before the herbage meal. Bars indicate: 
LSD1 time effect within a treatment; LSD2 treatment effect within a time (α=0.05).  
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Table 5.5 Effect of time of supplementation on herbage disappearance dynamics (calculated 
parameters and rates of disappearance at different times)1 during the period when herbage was 
available for lactating dairy cows grazing pasture only (Control) or herbage with maize silage 
either at 9 (9BH) or 2 hours (1BH) before the herbage meal.   
 Treatment   
Item Control 2BH 9BH P LSD 
𝑎𝑎 4644 4019 4236 0.366 1004 
𝑏𝑏 2532 1512 2016 0.084 900 
𝑐𝑐 1.35 1.43 1.33 0.97 1.23 
𝑎𝑎 − 𝑏𝑏 2112a 2507b 2220a 0.009 210 
Herbage disappearance rate, kg DM/ha/ hour      
At time 0 (0 min) 3553 2398 2602 0.70 3456 
At time 1 (60 min) 799a 448b 701a 0.03 243 
At time 2 (120 min) 237 126 203 0.55 243 
At time 3 (180 min) 91 48 63 0.79 150 
At time 4 (240 min) 41 23 21 0.78 81 
At time 5 (300 min) 20 10 7 0.74 43 
Treatments with different letters within a row are significantly different (P<0.05). 1Herbage mass at hourly 
intervals the period when herbage was available (5 hours) was fitted to the model of Ørskov and McDonald 
(1979) {𝑦𝑦 = 𝑎𝑎 + 𝑏𝑏[1 − 𝑡𝑡𝑥𝑥𝑒𝑒(𝑐𝑐 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)]}.  Where 𝑎𝑎 =available herbage (at time 0); 𝑏𝑏 = potential herbage 
disappearance; 𝑐𝑐 = fractional disappearance rate (%/h); 𝑎𝑎 − 𝑏𝑏 = potential post-grazing. LSD, for time of 
supplementation effect when α=0.05.   
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5.3.6 Faecal and urine N content 
Maize silage supplementation tended to reduce (P=0.1; Table 5.6) faecal N%, with no time of 
supplementation effect. The mean of urine N%, ammonia (NH3), and urea concentration were 
unaffected by treatments (Table 5.6). However, the ratio of purine derivatives (allontoin + uric 
acid):creatinine (PD:C) was higher (P=0.009; Table 5.6) in supplemented groups.   
5.3.7 Nitrogen partitioning 
Daily N intake and partitioning are presented in Table 5.7. Daily N intake tended (P=0.07) to 
be higher for 9BH than control and 2BH.  Milk N output, N use efficiency (NUE; milk N/ N 
intake), urinary N excretion, and the proportion of N intake excreted in the urine were 
unaffected by treatments. However, supplementation of maize silage increased faecal N 
excretion (P=0.003), the proportion of N intake excreted in faeces (faecal N % of N intake; 
P=0.021), and reduced the urine to faecal N ratio (P=0.04) (Table 5.7). Time of 
supplementation had no significant effect on mean N intake or partitioning of N intake. 
 
 
 
 
 
Table 5.6 Faecal N%, and urine N%, ammonia (NH3), urea N and purine derivatives (allontoin 
+ uric acid):creatinine (PD:C) ratio for cows grazing pasture only (Control) or herbage with 
maize silage either at 9 (9BH) or 2 hour (2BH) before the herbage meal.  
 Treatment  P-value  
Item Control 2BH 9BH  Trt. Time Trt. x Time LSD 
Faecal N% 3.5 3.2 3.2  0.10 0.07 0.20 0.33 
Urine         
N% 0.35 0.36 0.40  0.61 0.003 0.10 0.13 
NH3 (mmol/l) 1.43 1.94 1.60  0.43 0.020 0.25 0.90 
Urea (mmol/l) 103 97 111  0.73 0.002 0.16 43.1 
PD:C ratio 2.88a 3.40b 3.54b  0.009 <0.001 0.58 0.35 
Trt. (treatment effect), Time (time of sampling effect), Trt x Time (interaction effect).  Treatments with different 
letters within a row are significantly different (P<0.05). LSD, for the time of supplementation effect when α=0.05. 
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Table 5.7 Nitrogen intake and partitioning for cows grazing pasture only (Control) or herbage 
with maize silage either at 9 (9BH) or 2 hour (2BH) before the herbage meal.  
 Treatment   
Item Control 2BH 9BH P LSD 
Total N intake (g/day) 360 354 381 0.07 32.4 
Milk N output (g/d) 73.0 80.0 82.0 0.28 12.8 
Milk N: total N intake (%) 20.3 22.5 22.0 0.50 4.50 
Urinary N excretion (g/d) 165 147 159 0.45 32.8 
Urinary N: total N intake (%) 45.7 41.5 41.7 0.48 9.03 
Faecal N excretion (g/d) 86.3a 108b 111b 0.003 11.2 
Faecal N: total N intake (%) 24.0a 30.5b 30.0b 0.021 4.32 
Urine:Faecal N ratio 1.91a 1.36b 1.44b 0.04 0.42 
N balance 36.2 19.6 29.3 0.71 43.7 
Treatments with different letters within a row are significantly different (P<0.05). LSD, for the time of 
supplementation effect when α=0.05. 
5.3.8 Rumen VFA, pH and ammonia concentration 
Mean rumen pH tended to be lower (P=0.08) and VFA (P=0.06), propionate (P=0.1), acetate 
(P=0.1), and butyrate (P=0.08) concentration to be higher for 2BH compared than 9BH and 
control. However, the acetate:propionate ratio did not differ  between treatments (Table 5.8). 
The diurnal patterns of rumen pH, NH3-N, and total VFA are presented in Figure 5.3 a, b, and 
c, respectively. There was a significant treatment × time of day interaction (Table 5.8) for rumen 
pH (P=0.015), NH3-N (P=0.002) and total VFA (P=0.03) concentration. Rumen pH was lower 
for 2BH than 9BH and control at 1500 h. At 2100 h rumen pH was higher for control than 2BH 
and 9BH. Total VFA was higher for 2BH than 9BH and control at 1500 and 2100 h. Ruminal 
NH3-N concentration was higher for control than 2BH and 9BH at 1130 h and lower for 9BH 
than 2BH and control at 1500 h.  
Diurnal patterns of propionate, butyrate, acetate, and acetate:propionate ratio are presented in 
Figure 5.4 a, b, c, d, respectively. There was significant treatment × time of day interaction 
(Table 5.8) for propionate (P=0.034), acetate (P<0.007) and butyrate (P<0.008). Propionate 
concentration was higher for 2BH than 9BH and control at 1500 h and lower for control than 
2BH and 9BH at 2100 h. At 1500 h acetate was higher for 2BH than 9BH and control. Butyrate 
concentration was higher for 2BH than 9BH and control at 1500 and 2100 h.  
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Table 5.8 Rumen pH, ammonia (NH3) and volatile fatty acid (VFA) production for cows 
grazing pasture only (Control) or herbage with maize silage either at 9 hours (9BH) or 2 hour 
(2BH) before the herbage meal.   
 Treatment  P- value  
Item Control 2BH 9BH  Trt. Time Trt. x Time LSD 
Rumen PH 6.52 6.43 6.67  0.08 <0.001 0.015 0.22 
Rumen-NH3 (mmol/l) 11.5 10.7 8.7  0.18 <0.001 0.002 3.34 
Total VFA (mmol/l) 96.5 111 96.8  0.06 <0.001 0.003 13.4 
Propionate (mmol/l) 20.4 23.0 19.0  0.10 <0.001 0.034 3.77 
Acetate (mmol/l) 64.1 72.6 65.5  0.10 <0.001 0.007 8.51 
Butyrate (mmol/l) 11.9 15.5 12.3  0.08 <0.001 0.008 3.40 
Acetic: propionic ratio 3.3 3.3 3.6  0.45 <0.001 0.091 0.53 
Trt. (treatment effect), Time (time of sampling effect), Trt x Time (interaction effect).  LSD, for the time of 
supplementation effect when α=0.05. 
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Figure 5.3 Diurnal patterns of a) rumen pH, b) rumen NH3-N, and c) total volatile fatty acids 
(VFA) for lactating dairy cows grazing pasture only (control; ●) or herbage with maize silage 
at 2 (2BH; o) or 9 (9BH; ▼)  hours before the herbage meal. Bars indicate: LSD1 time effect 
within a treatment; LSD2 treatment effect within a time (α=0.05). ∗ indicates significant 
differences (P<0.05) between means at particular sampling point. 
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 Figure 5.4 Diurnal patterns of a) propionate, b) butyrate, c) acetate, and d) 
acetate:propionate ratio for lactating dairy cows grazing pasture only (control; ●) or herbage 
with maize silage approximately at 2 (2BH; o) or 9 (9BH; ▼)  hours before the herbage 
meal. Bars indicate: LSD1 time effect within a treatment; LSD2 treatment effect within a 
time (α=0.05). ∗ indicates significant differences (P<0.05) between means at particular 
sampling point. 
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5.3.9 Blood metabolites 
The daily mean NEFA concentration was lower (P<0.001, Table 5.9) in supplemented than 
unsupplemented cows, but did not differ between 2BH and 9BH. The daily mean of beta 
hydroxy butyric acid (BHBA) concentration was highest for 9BH, lowest for control and 
intermediate for 2BH (P=0.014, Table 5.9). Plasma urea nitrogen (PUN) concentration was 
lower (P=0.05, Table 5.9) in supplemented cows than control, but there was no time of 
supplementation effect. There was a significant treatment × time of day interaction (P<0.001, 
Table 5.9) for NEFA concentration. The concentration of NEFA was lower for 9BH than 2BH 
and control at 0700 h and higher for control than 2BH and 9BH at 1500 h (Figure 5.5). 
Table 5.9 Blood metabolites for cows grazing pasture only (Control) or herbage with maize 
silage either at 9 (9BH) or 2 hour (2BH) before the herbage meal.   
 Treatment  P- value  
Item Control 2BH 9BH  Trt. Time Trt. x Time LSD 
NEFA (mmol/l) 0.30a 0.15b 0.13b  <0.001 <0.001 <0.001 0.040 
BHBA (mmol/l) 0.68a 0.77ab 0.87b  0.014 <0.001 <0.001 0.115 
PUN (mmol/l) 11.7a 9.3b 9.7b  0.050 <0.001 <0.001 1.97 
NEFA (Non-esterified fatty acids), BHBO (Beta hydroxy butyric acid) and PUN (Plasma urea N). Trt. (treatment 
effect), Time (time of sampling effect), Trt x Time (interaction effect). Treatments with different letters within a 
row are significantly different (P<0.05). LSD, for the time of supplementation effect when α=0.05. 
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Figure 5.5 Diurnal changes in non-esterified fatty acids (NEFA) for lactating dairy cows 
grazing pasture only (control; ●) or herbage with maize silage at 2 (2BH; o) or 9 (9BH; ▼)  
hours before the herbage meal. Bars indicate: LSD1 time effect within a treatment; LSD2 
treatment effect within a time (α=0.05). ∗ indicates significant differences (P<0.05) between 
means at particular sampling point. 
 
5.4 Discussion 
5.4.1 Intake and SR 
Herbage DM intake was higher for the control than supplemented cows. This suggests that 
maize silage supplementation caused a reduction in herbage DM intake as has been observed 
in previous studies (Burke et al., 2008; Morrison & Patterson, 2007; Pérez-Prieto et al., 2011). 
Maize silage supplementation resulted in an average SR of 0.32, which is lower than the 0.44 
which was reported for grazing dairy cows allocated a low herbage allowance of 14.6 kg 
DM/cow/day and supplemented with 3.2 kg DM of maize silage/cow/day (Burke et al., 2008). 
The difference between studies could reflect the time cows had access to the herbage. In the 
present study, cows were restricted to 5 hours access to the pasture, whereas in Burke et al. 
(2008) study, cows grazed for 24 hours. McGilloway and Mayne (1996) in their review reported 
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could be explained by the higher amount of supplement in the Pérez-Prieto et al. (2011) study. 
Stockdale (2000b) reported an increase in SR with the increase in supplement intake.  
Herbage DM intake was higher for 9BH than 2BH. This reflects the higher SR for 2BH than 
9BH. Similarly, a higher SR was shown in Chapters 3 and 4 by supplementing cows with maize 
silage at 1 rather than 9 hours before the herbage meal. This may be attributed to the higher 
rumen fill for 1BH and 2BH than 9BH at the time just before the herbage meal. In contrast, 
Sheahan et al. (2013) reported no effect for time of supplementation on herbage DM intake and 
SR for grazing dairy cows when supplemented in the morning or afternoon. This disagreement 
could be explained by these reasons: First, cows were allocated to herbage twice per day 
(morning and afternoon) with unrestricted grazing in the Sheahan et al. (2013) study compared 
with once per day (afternoon) with restricted grazing in the current study. Sheahan et al. (2013) 
suggested a reduction in bite mass for cows supplemented in the afternoon than those 
supplemented in the morning. This reduction occurred at afternoon herbage allocation, when 
grazing is most intensive (Gibb et al., 1998) and concentration of water soluble carbohydrate 
increased compared with morning herbage (Orr et al., 2001). This may have resulted in a higher 
level of nutrient intake for the cows supplemented in the morning than afternoon. If true, 
morning supplementation in the current study may result in higher bite mass and herbage DM 
intake than afternoon supplementation as the cows allocated to herbage only in the afternoon. 
Second, cows were supplemented with concentrate in the study of Sheahan et al. (2013) 
compared with maize silage in the current study. Since the difference in SR between cows 
supplemented at different times was attributed to the rumen fill, maize silage might create more 
rumen fill constraints between treatments of the current study than concentrate in the study of 
Sheahan et al. (2013). Stockdale (2000b) concluded that conserved forage such as hay or corn 
silage can result in higher SR than concentrate. Third, cows from all treatments were grazing 
together as one herd in the study of Sheahan et al. (2013), while in 9 separate groups in the 
current study. Competition between cows may results in a mixed behaviour between treatments 
in the study by Sheahan et al. (2013). 
5.4.2 Milk yield, milksolids production and composition 
Maize silage supplementation did not significantly influence milk production or composition. 
These results are in agreement with results of Chapter 4, where feeding 3 kg DM of maize silage 
did not significantly increase milk production.  
103 
 
There was a small effect of time of supplementation on milksolids production. Milksolids 
production was 60 g/cow/day higher for 9BH than 1BH. This is attributed to the relative small 
increase in ME intake for 9BH than 1BH (161 vs 151 MJ/cow/day). Sheahan et al. (2013) 
reported higher milk production by supplementing grazing dairy cows in the morning rather 
than in the afternoon. This was attributed to higher nutrient intake for cows supplemented in 
the morning than those supplemented in the afternoon.  
5.4.3 Body weight and body condition score 
Maize silage supplementation improved the nutritional status of cows as indicated by BW and 
BCS. Maize silage supplementation may moderate the effect of feed restriction by reducing the 
loss of BW and BCS. The loss of BW and BCS was less in cows supplemented with 3 kg DM 
of maize silage/cow/day. Although, milk production was unaffected by maize silage 
supplementation, Moran et al. (1986) reported an increase in liveweight gain from 0.4 to 0.5 to 
0.7 kg/day when cows were supplemented with nil, 3 and 8 kg DM of maize silage per day, 
respectively. This may be explained by the higher ME intake along with the higher ME to CP 
ratio in both Moran et al. (1986) and current study. Moran et al. (1986) suggested herbage and 
maize silage as a complementary feed because of the rumen degradable protein and starch 
availability, respectively, which might improve the utilization of dietary N. In addition, it was 
reported that the proportion of ME intake used for live weight gain may vary depending on 
fermentation end products (VFA) associated with different feedstuff (Mandok et al., 2012; 
Molina et al., 1991). However, this is might not be the case in the current study as the effect of 
maize silage supplementation was not reflected in VFA concentration. Although, total VFA and 
butyrate concentration tended to be higher for 1BH than control, they were similar between 
9BH and control.     
5.4.4 Grazing behaviour  
Cows may modify their grazing behaviour in response to restricted access to the pasture 
(Chilibroste et al., 2007). Time of grazing increases and time of ruminating and idling decreases 
in order to maintain DM intake and performance at similar level as unrestricted cows 
(Chilibroste et al., 2007; Gregorini et al., 2008; Pérez-Ramírez et al., 2008). In the current study, 
cows spent most of their time grazing during the period of herbage allowance. Control cows 
showed a fractional grazing time of 86% and intake rate of 45.2 g DM of herbage/min. 
Supplemented cows showed an average fractional grazing time of 81.5% and average intake 
rate of 43 g DM herbage /min. Pérez-Ramírez et al. (2008) reported a fractional grazing time 
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of 91% and intake rate of 43.7 g DM herbage/min when lactating dairy cows grazed for 4 hours 
and supplemented with 5 kg DM of mixed ration. The slight difference in grazing efficiencies 
between studies may reflect the access to pasture in the current study (5 vs 4 hours) compared 
to Pérez-Ramírez et al. (2008). Cows with shorter time access to the pasture spent more time 
grazing to maintain DM intake (Chilibroste et al., 2007; Gregorini et al., 2009). 
Although, herbage DM intake was higher for 9BH than 2BH, the total time cows spent grazing 
was unaffected by the time of supplementation. Consequently, the intake rate was higher for 
9BH than 2BH. This can be explained by the fasting period before the time of herbage 
allowance (Gregorini et al., 2009). At the time of the herbage meal, 9BH had 9 hours elapsed 
from the last meal compared with only 2 hours for 2BH. Therefore, there was a higher degree 
of hunger level and hence, grazing motivation for 9BH than 2BH (Gregorini et al., 2009; Jensen 
& Toates, 1993). Gregorini et al. (2009) and Chilibroste et al. (2007) reported that increased 
intake rate was associated with increased deprivation (time since the last meal). This can be 
shown by the result of NEFA concentration at the time just before the herbage meal (at 1500 
h). Control cows had the highest concentration of NEFA, herbage intake and intake rate, while 
the lowest concentration of NEFA was associated with lowest herbage intake and intake rate 
for 2BH. Gregorini et al. (2009) reported that NEFA is an index of readiness to consume more 
food (Van Itallie & Hashim, 1960). Higher NEFA concentration was associated with higher 
ghrelin concentration and also higher herbage intake for dairy cows grazing for 8 hours than 
those grazed for two periods of 4 hours or unrestricted (Gregorini et al., 2009). However, 
ghrelin was not measured in the current study.   
There was treatment × hour of period when herbage was available interaction for grazing time. 
Cows in the control and 9BH treatment spent more time grazing than 2BH during the third and 
fourth grazing hours. However, 2BH spent more and 9BH less time grazing during the last hour 
of grazing. This might suggest that 2BH recovered their hunger level by fermenting some of 
the maize silage fed at two hours before the herbage meal; however, the main reason for this 
change in grazing behavioural tactics and strategies for 2BH during the last hour of herbage 
allocation is hard to explain and merits further research. 
Herbage disappearance 
Herbage disappearance was used as an estimate of herbage intake rate dynamics during the 
period of herbage allowance (Gregorini et al., 2009). At the beginning of herbage allocation (at 
time 0) unsupplemented cows started consuming herbage at average 1053 kg of DM /ha per 
hour faster rate than supplemented cows. This occurred even though all cows spent most of the 
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first hour grazing; the higher herbage disappearance rate suggests greater bite mass and bite 
rate for control than supplemented cows. Gregorini et al. (2009) showed that cows restricted to 
herbage started consuming herbage at a rate twice as fast as unrestricted (979 vs 397 kg of 
DM/ha per hour, respectively). The higher herbage disappearance rate was associated with a 
longer deprivation period in the Gregorini et al. (2009) and current studies (16 vs 12 hours and 
9 vs 2 hours, respectively).  
At the beginning of period available for grazing (at time 0) cows showed an average rate of 
herbage disappearance of 2851 kg DM/ha per hour, which is much higher than the average of 
980 kg DM/ha per hour as shown by (Gregorini et al., 2009). The difference between studies 
may reflect the access time cows had to herbage. Cows in the study of Gregorini et al. (2009) 
had 8 of hours access to herbage per day, but only 5 hours in the current study. Therefore, cows 
may compensate the shorter access time to herbage with higher intake rate (Chilibroste et al., 
2007). This was supported by longer grazing time (average 59.6 vs 54.9 minutes) during the 
first hour of period when herbage was available (0-60 minutes) in the current study than in the 
study by Gregorini et al. (2009). After 1 hour of grazing (at time 1), all treatments showed a 
marked reduction in herbage disappearance rate. This reduction was inconsistent with the slight 
reduction in the time cows spent grazing during the second hour of period when herbage was 
available. This might suggest a greater reduction in bite mass. Gibb (2006) reported that short 
term intake rate is dependent upon bite mass which decreases as rumen fill increases. 
Herbage disappearance rate was lower for 2BH than control and 9BH at time 1. At time 2 and 
3, herbage disappearance rate was numerically highest for control, lowest for 2BH and 
intermediate for 9BH. These results are consistent with the differences in grazing time between 
treatments during the third and fourth hour of grazing. Also, the increase in time cows spent 
grazing for 2BH during the last hour of grazing reflects the numerically higher herbage 
disappearance rate compared with 9BH at time 4 and 5. Despite the last grazing hour, herbage 
disappearance rate was either numerically (at time 0, 120 and 240 minutes) or significantly (at 
time 60 minutes) higher for 9BH than 2BH. These data were supported by the lower rate and 
amount of herbage DM intake for 2BH than 9BH. These results suggest that feeding maize 
silage at 9 rather than 2 hours before intensive herbage meal could reduce satiety of grazing 
dairy cows and lead to higher herbage intake rate and thereby, herbage DM intake. Herbage 
DM intake was 0.8 kg DM higher for 9BH than 1BH.   
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5.4.5 Nitrogen metabolism and partitioning 
Maize silage supplementation did not change urine N concentration or urinary N excretion. 
Maize silage was proposed to dilute N intake which is often supplied by herbage, reduced N 
intake, and hence urinary N excretion (Gregorini et al., 2010a; Valk, 1994). However, in this 
study, feeding maize silage resulted in a small difference in N intake between treatments (360, 
354 and 381 g N/cow/day for control, 1BH and 9BH, respectively). Although maize silage has 
low N content (12.8 g/kg DM), DM intake was increased resulting in similar N intake across 
treatments. 
Faecal N% tended to be lower in supplemented than control cows. This result can be explained 
by the higher dilution rate in the faeces for supplemented cows as discussed in section 4.4. 
Feeding maize silage reduced diet DMD% and led to greater volume of faeces excreted per day. 
Therefore, faecal dilution rate was higher and N% was lower for supplemented cows compared 
to control. Similarly, in Chapter 4 was shown lower Faecal N% for cows supplemented with 3 
kg DM of maize silage than those fed herbage only.    
Feeding maize silage at both 2BH and 9BH increased faecal N excretion, reduced milk and 
plasma urea N concentration, and was associated with a slightly lower mean of ruminal NH3-N 
concentration. These results may reflect better utilization of ruminal NH3-N and, hence, greater 
microbial protein yield in supplemented cows. No direct measurements were made for 
microbial growth protein production; however, the ratio of purine derivatives to creatinine 
(which was used as indicator for microbial protein yield, see section 3.4) was higher for 
supplemented cows than control. This suggests a higher yield of microbial protein for 
supplemented cows than control. Similarly, Chapter 4 suggested higher yield of microbial 
protein by supplementing cows with 3 kg of maize silage. 
The concentration of ruminal NH3-N was increased during herbage meal and peaked at 2100 h 
for all treatments. However, this peak was unaffected by maize silage supplementation. This 
occurred despite the fact that control cows ate more herbage than supplemented cows. This lack 
of difference between supplemented and control cows may be explained by the mastication 
investment (Gregorini et al., 2008). In the case of fresh grass, the intercellular constituent (80% 
of the nitrogenous compound and 100% of the non-structural carbohydrate) are not directly 
available for ruminal microbes because they are locked up in the plant cells (Boudon & Peyraud, 
2001; Sanderson & Wedin, 1989). Ingestion mastication is the first mechanism responsible to 
release the intercellular constituent (Boudon & Peyraud, 2001). Gregorini et al. (2008) 
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suggested that the damage to ingested herbage during ingestive mastication may have an 
important impact on releasing intercellular N and consequently the pattern of ammonia N in the 
rumen. Rumen NH3-N concentration did not differ between heifers restricted to 4 hours access 
to the pasture or unrestricted with 24 access to the pasture (Gregorini et al., 2008). In the current 
study, although time cows spent grazing did not significantly differ between treatments, the 
control cows compensated with higher intake rate and potentially, greater bite mass (not 
measured) to eat more herbage DM than supplemented cows. Therefore, supplemented cows 
may have chewed each bite more intensively than control cows. 
There was a small effect of time of supplementation on amount of N partitioned to milk, urine 
or faeces, milk and plasma urea N or ruminal NH3-N concentration. This occurred despite N 
intake being higher in 9BH than 2BH. Feeding maize silage increased the concentration of 
ruminal NH3-N for 2BH. Ruminal NH3-N concentration was higher for 2BH than 9BH at 1500 
h. This occurred despite the low N content (12.8 g N/kg DM) of maize silage. A similar pattern 
of ruminal NH3-N concentration increase in response to maize silage feeding was shown in 
Chapter 3 and 4. This was attributed to the accumulation of N from maize silage in the rumen. 
Low N available in the rumen at the time of maize silage feeding was suggested to limit 
microbial growth and hence, capture of N coming from maize silage.     
5.4.6 Rumen pH and VFA concentration 
The daily mean ruminal pH was lowest and concentration of total VFA, propionate, acetate and 
butyrate were the highest for 2BH, with no difference between 9BH and control. This is in 
contrast to Chapter 4 which showed that neither maize silage supplementation nor time of 
supplementation affected daily mean ruminal pH and concentration of total VFA, propionate, 
acetate and butyrate of lactating dairy cows fed herbage only or supplemented with 3 kg DM 
maize silage either 1 or 9 hours before an intensive herbage meal. The differences between the 
studies could reflect the time of rumen sampling. Rumen was sampled every two hours from 
0700 to 2300 h and every 4 hours from 2300 to 0700 h in chapter 4 compared with only 4 times 
per day (0700, 1130, 1500 and 2100 h) in the current study. Furthermore, in the current study, 
rumen sampling at 4.5 hours after maize silage feeding for 9BH (1130) compared with only 1.5 
hour after maize feeding for 2BH (1500) results in lower readings of ruminal pH and higher 
readings for VFA concentration for 2BH compared with 9BH. In addition, rumen sampling 
only after herbage feeding (2100 h) ignores the intake rate (amount of herbage per hour) 
variations during the 5 hours grazing period and, hence, the variations in rumen pH and VFA 
concentrations between treatments.  
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Rumen pH was lowest and total VFA, propionate, acetate, and butyrate concentration were 
highest for 2BH at 1500 and 2100 h. It is commonly agreed that fermentation of starch and 
NDF results in a high concentration of propionate and acetate in the rumen, respectively, also 
low rumen pH. Maize silage has 18.2 and 54.8% of DM as starch and NDF, respectively. 
Therefore, feeding maize silage for 2BH at 1330 h resulted in higher VFA’s concentration and 
lower rumen pH at 1500 h compared with 9BH and control.  
Volatile fatty acid concentration was higher and rumen pH was lower for 2BH straight after 
herbage meal (at 2100 h) compared to 9BH and control. Time cows spent grazing was higher 
for 2BH during the last hour of grazing allowance, which might resulted in higher herbage 
intake for 2BH compared with control and 9BH at the time just before the rumen sampling 
(2100 h).  
5.5 Conclusion 
 Under a herbage feed restricted strategy, maize silage supplementation caused substitution 
of pasture. However, total DM intake was increased.  
 Feeding maize silage at 9 rather than 2 hours before intensive herbage meal increased intake 
rate, herbage DM intake and reduced SR. 
 In comparison with herbage only, maize silage supplementation resulted in a small effect on 
N partitioning as shown by the higher ratio of purine derivatives to creatinine, higher faecal 
N and lower urine:faecal N ratio.  
 Feeding maize silage either at 9 or 2 hours before an intensive herbage meal did not affect 
the N concentration of urine or total urinary N excretion.  
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Chapter 6 
General discussion and conclusion 
6.1 General discussion 
This thesis examined the effect of feeding maize silage at different times relative to a short and 
intensive herbage meal on dry matter (DM) intake, milk production, rumen function and 
nitrogen (N) partitioning. A series of indoor and outdoor studies were conducted, where time 
of maize silage supplementation was manipulated. The key results from this were:  
• Under a herbage feed restricted strategy, maize silage supplementation caused 
substitution of pasture; however, total DM intake was increased. 
• Feeding maize silage at 9 instead of 1 or 2 hours before an intensive herbage meal 
reduced SR and increased total DM intake. 
• Milk composition was unaffected by maize silage supplementation or time of 
supplementation. 
• Maize silage supplementation resulted in a small effect on N partitioning and excretion 
as shown by increased faecal N, and reduced urine:faecal N ratio. There was little effect 
on N concentration of urine or total N excretion. 
• Feeding 5 kg DM of maize silage at 9 instead of 1 hour before an intensive herbage 
meal improved the capture of ruminal N; however, these changes were transitory and 
were not reflected in the proportion of N intake excreted in milk, urine or faeces.  
• Feeding 5 kg DM of maize silage at 9 rather than 1 hour before an intensive herbage 
meal may result in increase in glucogenic precursors supply (propionate) for grazing 
dairy cows. 
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6.1.1 Herbage intake and SR 
A key factor determining milk response to supplement is substitution, with SR determining how 
much energy and crude protein (CP) intake increases with supplementation. It is also important 
for determining how much herbage is saved to be used at later stages of lactations. Penno et al. 
(2006a) showed a strong relationship (r2=0.72) between the unsupplemented herbage DM 
intake per 100 kg of body weight ( herbage DM intake) and SR for grazing dairy cows in late 
lactation, with a regression equation:  
𝑆𝑆𝑆𝑆 = −0.564 + 0.349 × ℎ𝑡𝑡𝑒𝑒𝑏𝑏𝑎𝑎𝑒𝑒𝑡𝑡 𝐷𝐷𝐷𝐷 𝑡𝑡𝑖𝑖𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡 (r2=0.72) 
Based on this equation a SR of 0.39 and 0.31 were estimated for chapters 4 and 5, respectively. 
These values were close to actual SR of 0.43 and 0.33 calculated for the indoor (Chapter 4) and 
outdoor studies (Chapter 5), respectively. However, SR was higher for 1BH than 9BH (0.56 vs 
0.31) in the indoor study and 2BH than 9BH (0.47 vs 0.19) in the outdoor study. This indicates 
that time of supplementation may have an impact on SR, and is a factor that needs to be consider 
along with the type or amount of supplement (Robaina et al., 1998; Sairanen et al., 2005; 
Stockdale, 2000a), or pasture allowance (Bargo et al., 2003; Grainger & Mathews, 1989) in 
determining SR and response to supplement.  
There are two possible reasons for the difference in SR between 1BH and 9BH. First, hunger 
level was higher in 9BH than 1BH or 2BH, leading to higher herbage DM intake. Gregorini et 
al. (2009) reported hunger level motivates cows to eat more, with deprivation (time elapsed 
from the last meal), and time available to eat, as the key stimuli determining the degree of such 
motivation (Jensen & Toates, 1993). Second, physical constraints (level of rumen fill) were 
proposed to be greater for 1BH and 2BH than 9BH, resulting in lower herbage DM intake. This 
implies that under a restricted herbage feed situation where cows had 4 or 5 hours access to 
pasture, maize silage supplementation at 9 rather than 1 or 2 hours before the herbage meal may 
result in fewer physical constraints and a higher level of hunger, leading to greater motivation 
for cows to eat more.  
A further factor that may have contributed to the substitution levels observed between 1BH and 
9BH is the time of allocation to herbage. Dairy cows grazing is concentrated during the first 
hours of the morning (dawn) and evening (dusk) (Gregorini, 2012; Orr et al., 2001). The 
herbage bout was offered in the evening to coincide with the longest bout. Therefore, offering 
cows supplement in the morning and allocating in evening could motivate the cows to eat more 
at the time of major grazing activity (dusk); and reduce SR. In this context, SR can be used as 
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a management tool to transfer herbage across time or to increase residuals to allow greater 
growth, but more often it results in herbage being wasted, because the extra herbage is not 
consumed or conserved, but decays.  
6.1.2 Feed restriction strategy 
Urine patches are major sources of nitrogen leaching from dairy systems. Reducing the amount 
of time cows have access to pasture is a management strategy that can be used to reduce urinary 
deposition and the subsequent nitrate leaching to the ground water (Gregorini et al., 2010b; 
Kristensen et al., 2007). This is based on moving cows to stand-off pad or area, where urine is 
captured by the effluent system and spread efficiently across pasture via spray irrigation with 
low N rate. Although, reducing time at pasture decreases grazing time, animals compensate by 
increasing fractional grazing time and intake rate (Chilibroste et al., 2007; Pérez-Ramírez et al., 
2008). However, because severe feed restriction (e.g. 4 to 5 hours access to herbage) results in 
lower herbage DM intake and milk production of dairy cows, supplement is needed (McLeod 
et al., 2009; Pérez-Ramírez et al., 2009). Current studies were designed to show whether it was 
better to feed supplement at 9 or 1 hour before the herbage meal. It was shown in the field study 
that supplementing dairy cows with 3 kg DM of maize silage at 9 rather than 1 hour before 
herbage caused less substitution, increased DM intake.  
6.1.3 Milksolids production and response 
The milk response in this study ranged from 10 to 47 g of MS/kg DM of maize silage. On a 
metabolizable energy (ME) basis, the milk response values ranged from 3.5 to 7.5 g MS/ MJ of 
ME. These values are lower than the range of 40-60 g MS/kg supplement that was observed by 
Stockdale (1995), the 56 g MS/kg DM supplement shown by Penno et al. (2006b), and the 84 
g MS/kg DM of maize silage observed by Burke et al. (2008) for grazing dairy cows in late 
lactation. The reason for low MS response in the current study may be related to low N intake, 
which was limiting MS production. Nitrogen intake ranged from 174 to 381 g N/day across 
trials, and was less than the minimum requirements of 500 or 395 g N/day that were reported 
by Holmes et al. (2003) for grazing dairy cows in early or late lactation, respectively. 
Metabolisable protein (MP) requirements were estimated using calculations from AFRC 
(1993), and Brookes and Nicol (2007). Calculated CP requirements for milk production and 
live weight were 2.24 and 2.2 kg/day for supplemented cows in Chapters 4 and 5, respectively, 
supplying 1.07 and 1.1 kg of MP per cow per day. These values were close to the actual CP 
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intake of 2.2 and 2.3 in Chapters 4 and 5, respectively, and confirms that MP intake may have 
been limiting MS response in the current study.  
Considering the effect of the time of supplementation on MS response, the current study showed 
a higher MS response for 9BH than 1BH or 2BH (48 vs 10 g and 48 vs 27 g MS/kg DM of 
maize silage, respectively). On average, Chapters 4 and 5 showed a 29 g increase in milksolids 
response per kg DM of supplement attained by feeding maize silage at 9 rather than 1 or 2 hours 
before intensive herbage meal. The higher values of MS response for 9BH than 1BH and 2BH 
is mainly due to lower SR and hence higher DM intake. Simple calculation averaging herbage 
DM intake and MS production of the treatments across all experiments showed an 8.5% average 
increase in herbage DM intake for 9BH than 1BH resulting in a 7.6% increase in MS 
production. In addition, a simple calculation combining chapter 3 and 4 showed that a greater 
SR for 1BH than 9BH (0.54 vs 0.28) led to a reduction in MS response (16 vs 46 g MS/kg DM 
of maize silage, respectively).   
Experiments in this study focused on short term responses to supplement and did not consider 
factors that may contribute to the long term response such as saved herbage, alteration of body 
condition score (BCS) or changes in stocking rate. Dalley et al. (2005) reported 80 g MS/kg 
DM of extra feed as a MS response to the maize silage supplementation, where 1.5 t 
DM/cow/year was fed and a higher stocking rate (5 cows/ha) was used. In the current study, 
maize silage supplementation reduced the loss of body weight (BW) for restricted dairy cows 
in Chapter 5 (-0.95 vs -0.5 kg/day for unsupplemented and supplemented cows, respectively). 
In addition, current data showed that supplementation reduced herbage intake and may result 
in saved herbage for the periods when herbage is insufficient. However, the higher herbage 
intake (lower SR) for 9BH than 1BH may mean that less feed is saved, with effects on MS 
response not clear. 
6.1.4 Nitrogen partitioning and excretion 
Usually, fertilized pasture is characterized by high N content (Pacheco & Waghorn, 2008). This 
may result in low efficiency (13-31%) of incorporating feed N into milk (NUE) (Delagarde et 
al., 1997), and high N loss to the environment mainly in the urine (Castillo et al., 2000). This 
in return, may contribute in environmental problems associated with N leaching to the ground 
water. The relationship between N intake and N excreted in urine, milk and faeces have been 
considered and examined by other studies (Castillo et al., 2000; Peyraud et al., 1995; 
Tamminga, 1992). These studies show a positive relationship between N intake and amount of 
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N excreted in milk, faeces and urine; but a negative relationship between N intake and NUE. In 
the current study, data was combined across trials and analysed showing a strong (r2=0.81) 
relationship between N intake and NUE (Equation 3; Figure 6.1a), and moderate (r2=0.55) 
relationship between N intake and urinary N excretion (g/day) (Equation 4; Figure 6.1b).  
𝑁𝑁𝑁𝑁𝑁𝑁 (%) = −0.1225 × 𝑁𝑁 𝑡𝑡𝑖𝑖𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡 𝑒𝑒 𝑒𝑒𝑡𝑡𝑒𝑒 𝑑𝑑𝑎𝑎𝑦𝑦 + 67.98            (r2=0.81; P<0.01) [Equation 3] 
𝑁𝑁𝑒𝑒𝑡𝑡𝑖𝑖𝑡𝑡 𝑁𝑁 (𝑒𝑒 𝑒𝑒𝑡𝑡𝑒𝑒 𝑑𝑑𝑎𝑎𝑦𝑦) = 0.373 × 𝑁𝑁 𝑡𝑡𝑖𝑖𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡 𝑒𝑒 𝑒𝑒𝑡𝑡𝑒𝑒 𝑑𝑑𝑎𝑎𝑦𝑦 + 15   (r2=0.55; P<0.01) [Equation 4] 
As expected, as N intake increased the proportion of N intake converted to milk declined, and 
urinary N excretion increased. These relationships suggest that 43% of N intake is converted to 
milk when cows consumed 200 g/day decreasing to 19% when N intake increased to 400 g/day. 
Within the same range of N intake (150-400 g/day), urinary N excretion increased from 89 to 
164 g N/day.  
A low ME to N ratio is usually at high N intake levels, particularly >400 g N/day, is one of the 
reasons for low NUE and urine becoming the primary route of extra N intake (Castillo et al., 
2001; Castillo et al., 2000). This can happen when ME intake limits the number of ruminal 
microbes, and thereby, capture of ruminal ammonia (Pacheco & Waghorn, 2008; Van Soest, 
1994). This suggests better utilization of N intake (higher values of NUE) may be achieved with 
a higher ME to N ratio. Analysis of current data showed a strong relationship (r2=0.78) between 
ME to N ratio and NUE (Equation 5; Figure 6.2a). Aizimu et al. (2013) reported a strong 
relationship (r2=0.73) between the ratio of readily available energy, in the form of water soluble 
carbohydrate (WSC), to CP and NUE for grazing dairy cows consuming diets with less than 20 
% CP content. On the other hand, urinary N excretion may be reduced with the increase of ME 
to N ratio. Analysis of data showed a negative relationship (r2=0.53) between urinary N 
excretion (g/day) and ME to N ratio (Equation 6; Figure 6.2b). 
𝑁𝑁𝑁𝑁𝑁𝑁 (%) = 96.31 × 𝐷𝐷𝑁𝑁 𝑡𝑡𝑡𝑡 𝑁𝑁 𝑒𝑒𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡 − 22.12                         (r2=0.78; P<0.01) [Equation 5] 
𝑁𝑁𝑒𝑒𝑡𝑡𝑖𝑖𝑡𝑡 𝑁𝑁 (𝑒𝑒 𝑒𝑒𝑡𝑡𝑒𝑒 𝑑𝑑𝑎𝑎𝑦𝑦) = −292.74 × 𝐷𝐷𝑁𝑁 𝑡𝑡𝑡𝑡 𝑁𝑁 𝑒𝑒𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡 + 289.12        (r2=0.53; P<0.01) 
[Equation 6] 
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Figure 6.1 Relationship between nitrogen (N) intake and  a) nitrogen use efficiency (NUE; 
milk N % of N intake), b) urinary N excretion (g/day) for lactating dairy cows consuming 
herbage only (control; ●) or herbage with maize silage approximately at1(1BH; o) or 9 (9BH; 
▼) hours before the herbage meal. 
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 The effect of maize silage supplementation 
Maize silage is considered a low N (8% CP) and moderate ME (>10.8 MJ/kg DM) supplement 
(de Ruiter et al., 2007). Therefore, feeding maize silage has been proposed to dilute the 
excessive amount of N often supplied by herbage and hence decrease N intake. This may 
improve NUE and reduce urinary N excretion of grazing dairy cows (Gregorini et al., 2010a; 
Gregorini et al., 2010b; Valk, 1994; Velik et al., 2008). However, the effect of maize silage 
supplementation was small in the current study. Maize silage supplementation resulted in little 
 
 
Figure 6.2 Relationship between daily intake of metabolizable energy to nitrogen (ME:N) 
ratio and a) nitrogen use efficiency (NUE; milk N % of N intake), b) urinary N excretion 
(g/day) for  lactating dairy cows consuming herbage only (control; ●) or herbage with maize 
silage approximately at1(1BH; o) or 9 (9BH; ▼) hours before the herbage meal. 
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change in urinary N excretion compared to control (146 vs 160 g N/cow/day for supplemented 
and control cows, respectively); and similar NUE. This may reflect (1) low herbage N content 
(19-31 g N/kg DM), which led to small differences in N intake between maize silage and 
herbage, and (2) that although maize silage had low N content (12.8 g/kg DM), DM intake was 
increased by maize silage supplementation leading to similar N intake. The small effect of 
maize silage feeding on N concentration in urine and N excretion points towards to a limited 
effect on nitrate leaching from the point of view of reducing N loading in urine patches. 
However, results must be viewed in the context of a restricted herbage feed situation where 
cows are only on pasture for 4-5 hours. In that time cows may only urinate 3-4 times/cow, 
assuming 13 urinations events per cow per day (Draganova et al., 2010). As long as cows are 
on the stand-off area where urine can be captured outside this time nitrate leaching may be 
reduced. In this context, 9BH which promoted the highest herbage DM intake and MS 
production could be viewed as the best strategy.         
Several researchers have reported improved N utilization by supplementing grazing dairy cows 
with maize silage (Gregorini et al., 2010a; Holden et al., 1995; Valk, 1994). However, whether 
this improvement is due to lower N intake or better synchrony is unknown. The current study 
showed that under similar levels of N intake, maize silage supplementation increased faecal N 
excretion, and reduced the urine:faecal N ratio and the proportion of N intake excreted in urine. 
This may reflect relatively better synchrony associated with the higher ME to N ratio for cows 
supplemented with 3 kg DM of maize silage. Cheng et al. (2013) studied the effect of different 
dietary ME to N ratio on N partitioning for sheep consuming forage based diet. Their research 
showed a reduction of 34% in urinary N excretion and 30% in urine:faecal N ratio when the 
ME to N ratio of the diet increased from 0.32 to 0.47. Simple calculation averaging N excretion 
of treatments across Chapters 4 and 5 showed an average reduction of 10% in urinary N 
excretion for supplemented cows than control with a 20% and 7.3% increase in faecal and milk 
N output, respectively.  
Effect of time of maize silage feeding 
The time of supplementation has been suggested as an important factor to determine the 
efficiency of which N is utilized by microbes in the rumen (Gregorini et al., 2010b). It was 
proposed that utilization of ruminal N would be improved by feeding maize silage at 9 rather 
than 1 hour before an intensive herbage meal. Some indications of this were obtained by 
examining ruminal NH3 profiles and purine derivatives. In experiment 2 (Chapter 3), where 
DM intake was controlled, feeding 5 kg DM of maize silage for lactating cows at 9 rather than 
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1 hour before an intensive herbage meal reduced the peak concentration of ruminal NH3-N and 
increased the purine derivatives to creatinine ratio, suggesting greater microbial production. 
However, this effect was transient and did not affect the proportions of N intake excreted in 
milk, urine and faeces between treatments. Similarly, Kolver et al. (1998) showed a transient 
effect on the peak concentration of ruminal NH3-N when concentrate was fed at the time of 
pasture rather than 4 hours after. In Chapter 4, small responses were observed when urinary and 
faecal N excretion were higher for 9BH than 1BH. This may be attributed mainly to the higher 
N intake for 9BH than 1BH. In Chapter 5, however, faecal, urine and milk N excretion were 
similar between 9BH and 2BH, although N intake tended to be higher for 9BH than 2BH. The 
amount and proportion of maize silage in diet were higher in experiment 2 (Chapter 3) (5 kg 
DM and 33%, respectively) than Chapter 4 (3 kg DM, and 19%) and Chapter 5 (3 kg and 22%). 
This may imply that the higher amount and proportion of maize silage offered to the 9BH, may 
create a higher difference in the number of microbes available in the rumen and, hence, 
utilization rate of ruminal NH3-N at the time of herbage (N source) intake. However, a simple 
calculation averaging N excretion of treatments across all the experiments of current study 
showed an average increase of 7.5% in N intake for 9BH than 1BH. This led to a 9%, 5% and 
7.5% increase in amount of N excreted in urine, faeces and milk, respectively, for 9BH than 
1BH.  
6.1.5 Rumen pH and VFA concentration 
All experiments showed a clear diurnal variation in the rumen pH with VFA concentration 
related to feeding pattern. Generally, feeding maize silage resulted in a higher concentration of 
propionate and a low rumen pH. This was attributed to the high starch content of maize silage 
(Orskov, 1986). Feeding herbage resulted in a higher total VFA concentration (propionate, 
acetate and butyrate) and a low rumen pH. However, this response of rumen pH and VFA 
concentration varied with time of supplementation. 
In experiment 2 (Chapter 3), feeding 5 kg DM of maize silage to mid lactating dairy cows at 9 
rather than 1 hour before an intensive herbage meal increased glucogenic supply by 16%, 
resulting in lower rumen pH. However, there was little effect for time of supplementation on 
rumen pH and VFA concentration in experiment 1 (Chapter 3), and Chapters 4 and 5, where 3 
kg DM maize was fed at 9 or 1 hour before herbage. The difference between studies may  be 
related to the amount of maize silage, suggesting that amount of starch supplied in experiment 
1 (Chapter 3), and Chapters 4 and 5 compared to experiment 2 (Chapter 3) (3 vs 5 kg DM maize 
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silage) was not enough to alter the rumen population and fermentation end products in response 
to time of supplementation.  
6.1.6 Use of alternative supplements 
Maize silage was used as the supplement in this study because of (1) its low CP content (8% of 
DM), (2) previous evidence reporting the benefit of feeding maize silage at different times on 
utilization of ruminal NH3 and glucogenic precursors supply (Gregorini et al., 2010b), and (3) 
it is a common supplement used in New Zealand dairy farms. Whether the effect of time of the 
supplementation on MS or NUE depends on type of supplement in unclear. Recently, Sheahan 
et al. (2013) reported no difference in herbage DM intake, but higher milk response when 
grazing dairy cows were supplemented with concentrate in the morning rather than the 
afternoon. In comparison with concentrates, maize silage is characterized with high NDF 
content (40-50 vs 10-31% of DM, respectively) and low organic matter digestibility (67 vs 90% 
of DM, respectively). This can result in lower SR and higher total DM intake for cows 
supplemented with concentrate than those supplemented with maize silage (Bargo et al., 2003). 
Stockdale (2000b) concluded that supplementation with forages, such as hay or corn silage, 
resulted in higher SR than supplementation with concentrates. Therefore, the difference in the 
type of supplement used in the current study and the study of Sheahan et al. (2013) (maize 
silage vs concentrate, respectively) may reflect different effects of time of supplementation on 
rumen fill constraints and, hence, SR. Maize silage has higher rumen fill value than concentrate 
(Burke et al., 2008). In addition, fermentation end products can be different according to 
supplement type, which may alter the response of the animal to time of supplementation. This 
may occur due to different contents of starch associated with different types of supplement. 
Further work is needed to examine time of supplementation effect across different types of 
supplementation. 
6.1.7 Adaptation period of study 
The adaptation period (the period from the start of experiment to the day before the first 
measurement was taken) ranged from 9 to 12 days across treatments of the current study. Some 
studies have suggested a longer adaptation period may be required to ensure rumen 
microorganisms adaptation (Fernando et al., 2010). However, in similar study, adaptation 
period of 10 days was applied to study the effect of time of feeding maize silage based ration 
on the N capture of lactating dairy cows (Vaughan et al., 2002). In addition, Kolver et al. (1998) 
allowed a 12 days period of adaptation before N balance data were collected to explore the 
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effect of synchronization of ruminal degradation of supplemental carbohydrate with herbage N 
on N partitioning of lactating dairy cows. On the other hand, Mitani et al. (2005) allowed a 
longer period of adaptation than 12 days (21 days) to investigate the timing effect of maize 
silage supplementation on N partition of dairy cows. There is no absolute guidance determining 
the best length of adaptation period for each trial. Therefore, adaptation period to the treatment 
varied and depend on different factors such as the type of treatment, type of trial measurement, 
number of animals, availability of feed. For example, 9 days period of adaptation in Chapter 4 
was assigned mainly because of the limitation of herbage availability. The experiment in 
Chapter 4 was carried out in late autumn (late April to May) where the low temperature resulted 
in low herbage growth and thereby relatively short period of adaptation.   
Although adaptation period was not long in the current study compared to the study of Mitani 
et al. (2005), data were collected for most of the measurements on day 0 (baseline) of all 
experiments in the current study. Statistical analysis was then applied to observe any significant 
difference between the treatments at the time just before the start of experiment. Body weight, 
BCS, MS production and composition didn’t differ between treatments of all experiments on 0 
day. 
6.2 Future studies 
• There is still need to examine time effect of maize silage supplementation on N 
partitioning of grazing dairy cows with excess N intake (>400 g N/cow/day).  
• Investigate the effect of supplementation time and feed restriction on animal 
performance, compared with unrestricted and unsupplemented control group.  
• Examine the effect of time of supplementation, using different types of supplement, on 
herbage DM intake, MS production, N partitioning and rumen function of grazing dairy 
cows under feed restriction situation.  
6.3 Conclusions 
• Time of maize silage supplementation can create different hunger levels and thereby 
motivate cows to eat more under herbage feed restriction strategy.  
• Under situation of herbage feed restriction, feeding maize silage at 9 rather than 1 hour 
before an intensive herbage meal reduced SR and increased herbage DM intake. 
• Milksolids response per kg DM of supplement can be increased by feeding maize silage 
at 9 rather than 1 hour before a short and intensive herbage meal.  
120 
 
• Nitrogen use efficiency is very sensitive to ME:N intake ratio for grazing dairy cows 
consuming <400 g of N/cow/day.  
• Under a herbage feed restriction situation, maize silage supplementation did not dilute 
N intake; resulted in a small effect on urinary, faecal and milk N concentration and 
excretion. 
• Under a herbage feed restriction situation, feeding 5 kg DM of maize silage 9 rather 
than 1 hour before the herbage meal increased propionate proportion and, hence, energy 
supply (glucose) of grazing dairy cows.  
• High level of supplementation accompanied with high quality pasture is required to 
maintain performance of lactating dairy cows under acute herbage feed restriction 
strategy (4-5 hour access to the pasture). 
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Appendix A 
Effect of supplementation frequency on body weight loss, average daily gain (ADG), forage Intake, total dry matter intake (total DM 
intake), and digestibility for cattle consuming forage-based diet. 
Ref. Animal Supplement Forage Diet Frequency Treatment Effect of frequency 
Beaty et al. 
(1994) 
Exp.1 
Angus x 
Hereford 
Steers 
BW= 456 kg 
Soybean meal and 
Sorghum-based 
supplement 
1.98 kg/ animal/day 
≅ 0.43% of BW 
 
Wheat Straw 
(3.1% CP, 82% 
NDF) 
Daily (7/wk) vs 3 
times per week (3/wk) 
Four different CP 
concentrations (10%, 
20%, 30%, and 40%) 
supplemented 7/wk or 
3/wk 
Reducing supplementation frequency 
decreased forage and total DM 
intakes (P<0.01), but improved 
(P=0.03) DM and NDF digestibility 
  
Exp. 2 Angus x 
Hereford 
Beef Cows 
BW= 454-
499 kg 
Soybean meal and 
Sorghum-based 
supplement 
2.01 kg/ Animal/Day 
≅ 0.43% of BW 
 
Dormant 
tallgrass prairie 
pasture 
Daily (7/wk) vs 3 
times per week (3/wk) 
Four different CP 
concentrations (10%, 
20%, 30%, and 40%) 
supplemented 7/wk or 
3/wk 
Cumulative pre-calving BW loss 
increased (P<0.01) with less frequent 
supplementation (-75.3 vs -87.6 kg 
for 7/wk and 3/wk, respectively)   
  
Exp.3 Angus x 
Hereford 
Beef Cows 
BW= 504 kg 
Corn or Sorghum-
based supplement 
(20% CP) 
2.11 kg/ Animal/Day 
≅ 0.42% of BW 
 
Dormant 
tallgrass prairie 
pasture 
Daily (7/wk) vs 3 
times per week (3/wk) 
Supplement fed either 
7/wk or 3/wk 
Reducing supplementation frequency 
increased  cumulative pre-calving 
BW loss through calving (P=0.02) (-
79.2 vs -88.7 kg for 7/wk and 3/wk, 
respectively), with no grain type 
effect 
 
Huston et al. 
(1999) 
Exp. 1 + Exp. 
2 
Hereford x 
Brangus 
Cows 
BW= 454 kg 
 
Cotton seed meal 
41% CP 
.91 kg/Animal/day 
=0.2 % of BW 
Low quality 
pasture 
Daily (7/wk) vs three 
times per week  (3/wk) 
vs one time per week 
(1/wk) 
Control (No 
supplement); Cotton 
seed meal fed 7/wk, 
3/wk or 1/wk 
Supplement reduced both BW and 
BCS  loss (P=0.01), with no 
frequency effect 
Farmer et 
al.(2001) 
Exp.1 + Exp. 2 
Exp.1 
Hereford x 
Angus cows 
BW= 537 kg 
Sunflower and 
Soybean meal-based 
Supplement (43% CP) 
1.82 kg/Animal/day 
≅0.36% of BW 
Exp.1 Dormant 
tallgrass prairie 
rang (3.8% CP, 
77.6% NDF) 
Daily (7/wk) vs  five 
times per week (5/wk) 
vs 3 times per week 
(3/wk) vs two times 
per week (2/wk) 
Supplement provided 
daily (7/wk), 5/wk, 3/wk 
or 2/wk 
Exp.1 Cumulative pre-calving BW 
loss increased as frequency of 
supplementation decreased 
(P=0.02),but the magnitude of 
difference was small (-59.6, -67.5, -
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Exp.2  
Hereford x 
Angus steers 
BW= 257 
 Exp.2 Tallgrass 
prairie hay 
(4.8% CP, 
73.5% NDF) 
67.4, and -74.4 kg for 7/wk, 5/wk, 
3/wk, and 7/wk, respectively) 
Exp.2 Reducing frequency of 
supplementation decreased (P≤0.02) 
forage intake, OM and NDF 
digestion, and digestible OM intake   
 
Bohnert et 
al.(2002) 
Exp. 2 
Pregnant 
Angus x 
Hereford 
beef cows 
BW= 
512±42 kg 
Soybean meal (DIP; 
82% of CP) or soy plus 
and blood meal (UIP; 
60% of CP) based 
supplement 
0.08% of BW/ 
animal/day of CP 
Low quality 
meadow hay 
(5.2% CP; 60% 
NDF) 
Daily (D) vs every 3rd  
day (3D) vs every 6th  
day (6D) 
Control (No 
supplement); UIP or DIP 
provided daily, every 3D 
or every 6D 
Cumulative pre-calving BW changes 
and BCS were more positive 
(P<0.05) for supplemented cows than 
control. Pre-calving BW gain 
increased with more frequent 
supplementation of DIP (38, 50, and 
57 kg for daily, every 3D day, and 
every 6th day, respectively), but not 
with UIP supplementation. 
No frequency effect on Pre-calving 
BCS, post-calving BW and BCS. 
 
Farmer et al. 
(2004a) 
Beef Steers 
BW= 513 kg 
Soybean meal and 
ground sorghum grain-
based supplement 
(42% CP, 10.3% NDF) 
0.36% of 
BW/animal/day 
 
Tallgrass prairie 
hay (5.3% CP, 
73.1% NDF) 
Daily (7/wk) vs twice 
a week (2/wk) 
Supplement fed daily or 
2/wk 
Forage intake and total dry organic 
matter intake increased (P<0.02, 
P<0.06) respectively, when 
frequency of supplementation 
increased 
Farmer et al. 
(2004b)  
Exp.1 + Exp2 
 
Exp.1 
Angus x 
Hereford 
steers 
BW= 252kg 
Exp.2 
Angus x 
Hereford 
cows 
BW= 490kg 
 
Soybean meal, 
sorghum and Urea-
based supplement 
(30% CP) 
Exp1. 0.41% of 
BW/animal/day 
Exp.2 0.46% of 
BW/animal/day 
Low quality 
tallgrass prairie 
(5.6% CP) 
Daily (7/wk) vs on 
alternate day (Alt) 
Two percentages (0 and 
30%) of DIP from Urea 
fed daily or Alt 
No Frequency effect on BW, BCS, 
and forage, supplement, and TDM 
intakes. Reducing frequency of 
supplementation decreased OM and 
NDF digestibility, (P=.03, P=.06, 
respectively).  
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Tellier et al. 
(2004b) 
Crossbred 
steers 
BW= 
474±30 kg 
Barley-based 
concentrate(14.1% CP 
or 24.6% CP) 
30% of total intake 
Barley Straw 
(5.3% CP, 
76.9% NDF) 
Daily (D) vs every 2nd 
day (2D) vs every 3rd 
day 
Two levels of CP 
(14.1% CP and 24.6% 
CP) fed daily or every 
2nd , plus every 3rd day 
for the high CP level 
Concentrate intake decreased by 
decreasing frequency of 
supplementation. No Frequency 
effect on Straw intake, Ruminal 
disappearance and digestibility 
 
Schauer et al. 
(2005) 
Pregnant 
Angus x 
Hereford 
cows 
BW= 467±4 
kg 
 
 
Cottonseed meal ( 43% 
CP) 
.91 kg DM/ animal/ 
Day 
≅ .2% of BW 
 
 
Mix Pasture 
(8% CP, 60% 
NDF) 
Daily (D) vs every 6th 
day (6D) 
Control (No 
supplement); 
supplement fed Daily or 
every 6th day 
Supplement improved BW and BCS 
(P≤0.03). No frequency effect on 
BW, BCS and straw intake  
Cooke et al. 
(2007) 
Brahman x 
British 
crossbred 
steers 
BW= 
257±26 kg 
Molasses (2.1 
kg/animal/day) or 
Citrus pulp (2.3 
kg/animal/day) -based 
supplement  
Limpograss hay 
(9.1% CP, 54% 
NDF) 
Daily vs three times 
per week (3/wk) 
Molasses fed 3/wk 
(ML); citrus pulp fed 
daily (C7) or 3/wk (C3) 
ML cows tended (P=0.07) to have 
higher forage intake than C3 cows.  
Forage intakes were 1.5, 1.29 and 
1.36% of BW for ML, C7 and C3 
treatments, respectively. C7 cows 
had greater BW gain than ML cows 
(P≤0.05), and tended to have greater 
BW gain than C3 cows (0.3, 0.18, 
and 0.1 kg/d for C7, C3, and ML 
treatments, respectively) 
 
Loy et al. 
(2007) 
Heifers 
BW= 
416±24 kg 
Dry rolled corn (DRC) 
or Distillers grains plus 
soluble (DDGS) 
0.4% of BW/animal 
/day 
Grass hay 
(8.2% CP, 87% 
DM) 
Daily vs  on alternate 
days (Alt) 
Control (no 
supplement); either  
DRC or DDGS provided 
daily or Alt 
Supplementation reduced hay intake 
(P<0.01), but increased total dry 
matter intake (P<0.01). Decreasing 
frequency of supplementation 
reduced hay and total DM intakes 
(p=0.09, P<0.01, respectively) 
   
Wickersham 
et al.(2008) 
Anugus x 
Hereford 
steers 
BW= 
366±43 kg 
Casein (was dosed to 
the rumen) 
61 or 183 mg of N/ kg 
BW/animal/day 
Low quality 
prairie hay 
(4.7% CP) 
Daily (D) vs every 3rd 
day 
Casein was fed (as a 
source of DIP) daily in 
amount of 61 or 183 mg 
of N/kg BW or every 3rd 
day in amount of 61, 
183, or 549 mg of N/kg 
Increasing casein supplementation 
increased (P≤0.05) forage, total 
organic matter, and total digestible 
organic matter intakes, and decreased 
NDF digestion. No frequency effect 
on intakes, NDF and total tract 
digestibility 
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BW/ supplementation 
event. 
 
Cooke et al. 
(2008) 
Exp.1 
Brahman x 
Angus 
heifers 
BW= 
228±28 kg 
Wheat middling and 
soybean hulls-based 
supplement (22.2% 
CP. 39.4% NDF) 
2.6 kg/animal/day 
Bahiagrass 
pasture (8.8% 
CP) and 
stargrass hay 
(7.7% CP) 
Daily (D) vs three 
times per week (3/wk) 
Supplement fed daily 
(S7) or 3/wk (S3) 
ADG was higher (P=0.03) for S7 
than S3 (0.41vs 0.33 kg/d, 
respectively). Attainment of puberty 
and pregnancy were hastened 
(P=0.03, P=0.02, respectively) for S7 
compared with S3 
   
Loy et al. 
(2008) 
Crossbred 
heifers 
BW=265±3
7 kg 
Dry distiller grain plus 
soluble (DDGS) or dry 
rolled corn (DRC) or 
DRC + corn gluten 
meal (DRC+CGM). 
0.21% or 0.81% of 
BW/animal/day 
 
Native grass 
hay (8.7% CP) 
Daily (D) vs three 
times per week (3/wk) 
Three supplements types 
(DRC, DDGS and 
DRC+CGM), fed at two 
levels (.21% and .81% 
of BW/animal/day) daily 
or 3/wk 
Reducing frequency of 
supplementation decreased (P<0.01) 
ADG (0.56 vs 0.62 kg/day for daily 
and 3/wk, respectively), hay and total 
DM intakes.  
Stalker et al. 
(2009) 
Exp.1 
Crossbred 
steers 
BW=371 kg 
Dry distiller grain plus 
soluble (DDGS) 
(34.1% CP, 43.5% 
NDF) 
16.7% of the DM diet 
 
Grass hay 
(6.7% CP, 
67.2% NDF) 
Daily (D) vs every 2nd 
day (2D) vs every 3rd 
day (3D) 
Supplement provided 
daily,  every 2nd day or 
every 3rd  day 
Hay and total DM intakes reduced by 
decreasing supplementation 
frequency (P≤0.08).Similarly, 
apparent total tract DM, OM and 
NDF digestibility followed the same 
trend.  
Exp.2 Crossbred 
heifers 
BW= 
193±20 kg 
Dry distiller grain plus 
soluble (DDGS) 
(34.1% CP, 43.5% 
1.3 kg/animal/day 
 
Grass hay 
(6.7% CP, 
67.2% NDF) 
Six (6/wk) vs three 
(3/wk) times per week 
Supplement provided 6 
or 3 times per week 
ADG was greater (P=0.01) for 6/wk 
compared with 3/wk (0.79 vs 0.72 
kg/day, respectively) 
Drewnoski et 
al. (2011) 
Angus 
crossbred 
steers 
BW= 
261±2.5 kg 
Corn gluten feed and 
soy hulls-based 
supplement (17% CP). 
At 19.1 kg/animal/wk 
Fescue hay 
(8.5% CP, 69% 
NDF) 
Daily vs three times 
per week (3/wk) vs 
two times per week 
(2/wk) 
Control (no 
supplement); 
supplement fed daily, 
3/wk or 2/wk 
Supplementation reduced (P<0.05) 
hay intake, but increased total DM 
intake and ADG (P<0.01). 
Decreasing supplementation 
frequency had no effect on ADG, but 
improved gain: feed ratio.  
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Moriel et 
al.(2012) 
Brahman x 
British 
heifers 
BW= 241±2 
kg 
Soybean hulls, wheat 
middling and dried 
distiller grain-based 
supplement (16.3% 
CP) 
At 2.26 or 1.13 
kg/animal/day 
Low quality 
stargrass hay 
(8.3% CP, 
80.9% NDF) or 
medium quality 
Bermudagrass 
(12.7% CP, 
74.1% NDF) 
 
Daily vs three times 
per week (3/wk) 
Supplement provided 
daily or 3/wk for heifers 
consuming low or 
medium quality forage. 
Decreasing frequency of 
supplementation reduced hay and 
total DM intakes (P=0.07, P<0.01, 
respectively), resulted in reduction in 
puberty attainment and pregnancy 
rate (P≤0.02), but no effect on ADG.   
Drewnoski & 
Poore (2012) 
Beef steers 
BW= 
362±18 kg 
Soybean hull and corn 
gluten feed-based 
supplement 
(14.6% CP). 
At 1% of 
BW/animal/day 
Fescue hay 
(8.8% CP, 
34.8% ADF) 
Daily vs  on alternate 
day (Alt) 
Control (no 
supplement); 
supplement was fed 
daily or on Alt 
Supplementation reduced hay intake 
and improved digestibility (P<0.01). 
Decreasing frequency of 
supplementation reduced hay and 
total DM intakes(4.52 vs 3.88 kg/d; 
7.55 vs 6.95 kg/d for daily and Alt 
treatments, respectively) (P<0.01), 
but had no effect on digestibility 
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Appendix B 
Effect of supplementation frequency on rumen pH, ruminal ammonia-N (R-NH3-N) and volatile fatty acids (VFA) for cattle consuming 
low quality forage. 
Ref. Animal Supplement Treatment pH R-NH3-N VFA 
Beaty et al. 
(1994) 
 
Angus x 
Hereford 
Steers 
BW= 456 kg 
Soybean meal and 
Sorghum-based 
supplement 
1.98 kg/ animal/day 
≅ 0.43% of BW 
 
Four different CP 
concentrations 
(10%, 20%, 30%, 
and 40%) 
supplemented at 7 
or 3 times per 
week 
 
Average pH was 
maintained (>6) for all 
treatments. On the days 
both treatments groups 
were supplemented; 
ruminal pH was lower 
for steers supplemented  
3 times per week (3/wk) 
than those supplemented 
daily (7/wk). however, 
on the days  7/wk group 
was only supplemented; 
ruminal pH was higher 
for 3/wk than 7/wk 
 
Steers supplemented at 
3/wk, particularly with 
high protein 
concentrations (≥ 30% 
CP), showed a lag in the  
peak of R- NH3-N and 
prolonged elevation (up 
to 24 hrs after 
supplementation time) 
compared with the 7/wk  
 
NA 
  
Farmer et 
al.(2001) 
 
Hereford x 
Angus steers 
BW= 257 
Sunflower and 
Soybean meal-based 
Supplement (43% 
CP) 
1.82 kg/Animal/day 
≅0.36% of BW 
 
Supplement 
provided daily 
(7/wk), 5, 3 or 2 
times per week 
Average ruminal pH was 
maintained (>6.2) for all 
treatments. On the day 
all treatments groups 
were supplemented; 
ruminal pH was lower 
for cows supplemented 
at two times per week 
(2/wk) than those 
supplemented three 
(3/wk), five (5/wk), or 
seven (7/wk) times per 
week. However, on the 
day 7/wk group was 
On the day all treatments 
were supplemented; 
delay in the peak of R-
NH3-N and the decline 
in ammonia 
concentration was less 
rapid for steers 
supplemented  at 2 time 
per week compared with 
other treatments 
   
On the day all treatments were 
supplemented, total VFA was 
increasing with the decrease of 
supplementation frequency.   
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only supplemented, 
ruminal  pH was lower 
than other frequencies 
   
Farmer et 
al. (2004a) 
Beef Steers 
BW= 513 kg 
Soybean meal and 
ground sorghum 
grain-based 
supplement 
(42% CP) 
0.36% of 
BW/animal/day 
 
Supplement fed 
daily or at two 
times per week 
No supplementation 
frequency or frequency 
x time interaction effect 
on ruminal pH. 
Delay in the peak of R-
NH3-N and prolonged 
elevation of 
concentration with less 
frequent 
supplementation 
Reducing supplementation frequency 
increased molar proportion of 
propionate, decreased acetate and 
acetate:propionate ratio particularly 
24 hrs after supplementation 
   
Farmer et 
al. (2004b)  
 
Angus x 
Hereford 
steers 
BW= 252kg 
 
Soybean meal, 
sorghum and Urea-
based supplement 
(30% CP) 
0.41% of 
BW/animal/day 
 
Two percentages 
(0 and 30%) of 
DIP from Urea 
fed daily or on 
alternate days 
Means of ruminal pH 
were not significantly 
altered by 
supplementation 
frequency (daily and on 
alternate days (Alt)) or 
urea inclusion (0 and 
30% of the degradable 
intake protein) 
On the day both 
treatments groups were 
supplemented (Daily and 
Alt); Alt group had a 
higher R-NH3-N 
concentration, 
particularly with the 
inclusion of urea, than 
Daily group. However, 
on the day daily group 
was only supplemented,  
Alt group had lower R-
NH3-N concentration 
than daily group 
  
On the day both groups were 
supplemented, Alt group exhibited 
higher concentration of propionic 
acid, particularly with inclusion of 
urea, and butyric acid, also lower 
acetic:propionic ratio compared with 
daily group 
   
Tellier et al. 
(2004a) 
Crossbred 
steers 
BW= 
474±30 kg 
Barley-based 
concentrate(14.1% 
CP or 24.6% CP) 
30% of total intake 
Two levels of CP 
(14.1% CP and 
24.6% CP) fed 
daily or every 2nd 
, plus every 3rd 
day for the high 
CP level 
Mean ruminal pH 
throughout the day were 
always >6.5. No 
supplementation 
frequency (daily, on 
alternate day, and every 
third day) or level of 
protein (low 14.1% and 
high 24.6%) effect on 
rumen pH 
   
Low and high protein 
concentrates were 
inadequate to provide 
optimal ruminal 
ammonia concentration  
Reducing frequency of 
supplementation reduced the mean 
concentration of total VFA, acetic 
acid, and acetate:propionate ratio, 
increased butyric acid with no effect 
on propionic acid 
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Loy et al. 
(2007) 
Heifers 
BW= 
416±24 kg 
Dry rolled corn 
(DRC) or Distillers 
grains plus soluble 
(DDGS) 
0.4% of BW/animal 
/day 
Control (no 
supplement); 
either  DRC or 
DDGS provided 
daily or on 
alternate days 
All means of ruminal pH 
were maintained >6.1. 
No frequency or type of 
supplement effect. 
Ruminal- NH3-N 
concentration tended 
(p=0.07) to be higher for 
Alt group than group 
supplemented daily    
Frequency of supplementation 
interacted with the supplement type. 
Total VFA increased with alternate 
feeding of corn supplement and 
decreased with DDGS. DDGS 
supplementation resulted in lower 
acetate:propionate ratio compared 
with corn supplementation.  
 
Drewnoski 
& Poore 
(2012) 
Beef steers 
BW= 
362±18 kg 
Soybean hull and 
corn gluten feed-
based supplement 
(14.6% CP). 
At 1% of 
BW/animal/day 
Control (no 
supplement); 
supplement was 
fed daily or on  
alternate days 
Mean of ruminal pH was 
not significantly affected 
by frequency of 
supplementation. On the 
day of supplementation, 
Alt group had lower 
mean of ruminal pH than 
did daily group. 
However, on the day Alt 
group were not 
supplemented, Alt group 
had higher ruminal pH 
than daily supplemented 
group 
    
During 48 hrs period, for 
both supplemented 
groups, R- NH3-N 
peaked at 4 hours after 
supplementation. The 
peak of R- NH3-N was 
greater and the nadir was 
less for Alt group 
compared with Daily 
supplemented group 
Although frequency of 
supplementation had no significant 
effect on VFA’s concentration, there 
were a small numerical increase in 
the proportions of propionate and 
butyrate, and decrease in the 
proportion of the acetate in the 
ruminal fluid for Alt compared with 
daily group. Area under the acetate, 
propionate, and butyrate 
concentrations-time curve during a 
48-h periods were (438, 301, and 281 
mMxh/48h, respectively) for steers 
supplemented daily and (429, 307, 
and 290 mMxh/48h, respectively) for 
steers supplemented on alternate day 
NA: Not available 
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Appendix C 
Effect of time of supplementation on DM intake, animal performance, rumen function, and N partitioning for cattle consuming forage-
based diet. 
Ref. Animal Forage Supplement Treatment Observations 
Adams 
(1985) 
Angus x 
Hereford 
Steers 
Russian Wild Ryegrass 
(6.6% CP) 
Corn Control (no supplement); steers were 
supplemented with 0.3% of BW kg 
DM of corn either at 0730 h (AM) or 
at 1330 h (PM).  
Forage and total DM intakes were higher for 
PM than AM group. Additionally, PM group 
gained 0.2 kg/d more than control and AM 
group (0.82, 0.62 and 0.62 kg/d, respectively)  
  
Pritchard 
& Knutsen 
(1995) 
Exp.2 
Yearling 
feedlot cattle 
92% concentrate diets  - Cattle were received their diets either 
at 0730 (AM), 1600 (PM), or 0730 
and 1600 (AP) 
ADG was higher for PM than AM (p=0.01)   
and AP (P=0.05) treatments (3.32, 3.07, and 
3.1 lb/d, respectively). Feed: gain ratio was 
lower (P=0.05) for PM than AM treatments, 
with no difference with AP treatment (6.01, 
6.39, and 6.21, respectively). DM intake was 
higher (P=0.05)  for PM than AM treatments, 
with no difference with AP treatment (19.94, 
19.59, and 19.18 lb/d, respectively) 
  
Barton et 
al. (1992) 
Holstein 
steers 
Dormant intermediate 
Wheatgrass 
Cotton seed meal at 
rate 0.25% of  BW 
Control (no supplement); steers were 
supplemented either at 0600 (AM) or 
at 1200 (PM)   
Supplementation increase total OM intake 
(P=0.01), reduced BW loss (P=0.02), 
Increased total VFA production (P=0.01), 
increase R-NH3-N level (P=0.01), and 
reduced time spent grazing by approximately 
1.5 hour (P=0.01). Time of supplementation 
did not affect BW, grazing behaviour, forage 
and total DM intakes, NDF disappearance, 
rumen PH, VFA, and ruminal NH3-N 
concentration. However, AM 
supplementation created greater peak in R-
NH3-N than PM supplementation (13.8 mg/dl 
vs 10.0 mg/dl, respectively) 
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Moran & 
Jones 
(1992) 
Exp.1 
Indoor 
Friesian 
dairy cows 
Annual pasture (70% 
Subterranean clover; 
30% Wimmera 
ryegrass); 50% of the 
total daily DM intake 
 
Maize silage  Cows were received maize silage 
supplement at 0800 h and pasture at 
1500 h (Am group); cows were 
received the maize silage at 0800, 
1200, and 1500 h and pasture at 0800 
and 1500 h (Day group) 
 
Day group had a higher DM intake than Am 
group; however, no differences were detected 
in dry matter digestibility, milk yield, milk 
fat, or milk protein between treatments  
Exp.2 
Grazing 
Friesian 
dairy cows  
Ryegrass- clover 
pasture 
Maize silage Cows were either grazing for 24 hrs, 
and supplemented with 10 and 15 
kg/cow/day as fed of maize silage at 
1000 and 1600 h, respectively or  
grazing for 19 hrs (1400-0900 h), and 
supplemented with 25 kg as fed of 
maize silage from 0900-1400 h 
  
Treatments had no effect on animal 
performance. milk solid, yield of milk, BW 
and BCS did not differ significantly between 
treatments 
Kolver et 
al. (1998) 
Holstein 
dairy cows 
Pasture predominantly 
orchardgrass (22% CP)  
Ground corn-based 
concentrate (14% CP) 
Cows were either supplemented (9.2 
kg DM concentrate/cow/day) at the 
time of pasture (0900 and 1700 h; 
SYND), or 4 hrs after pasture (1300 
and 2100 h; ASYND) 
Mean of NH3-N, total VFA, acetate, and 
propionate concentrations in the rumen were 
not different between treatments; however, 
peak of R-NH3-N concentration was reduced 
by 33% for SYND compared with ASYND. 
Synchronization improved the capture the 
ruminal N; however, these changes did not 
change the N status of the dairy cow 
  
Hess et al. 
(2002) 
Angus x 
Gelbvieh 
heifers; 
Angus-
crossed 
steers 
 
Bromegrass pasture Cracked corn Control (no supplement); supplement 
(0.3% of BW) at 0600 (AM) or 1800 
(PM) daily  
Forage OM intake was lower, substitution 
rate was higher for PM than AM and control 
treatments. Total tract OM digested was 
greatest for AM compared to PM and control 
Vaughan et 
al. (2002) 
Holstein 
Dairy cows 
Ryegrass pasture 
(23.1% CP) 
Corn silage (46.7%), 
soybean meal (16.9%), 
corn (16.7), and barley 
(12.7) 
 
All cows had 1.5 hr access to the 
pasture (0930-1100 h) and were 
supplemented at 2.5 or 1 hr proior 
grazing (Pre1 and pre2, respectively), 
or just after grazing (Post) 
  
No differences in DM intake, digestibility, 
milk production, or composition between 
treatments. Peak of blood urea N level for 
Pre1 was 7 and 14% lower than Pre2 and 
Post 
Trevaskis 
et al. (2004) 
Friesian 
dairy cows  
Italian ryegrass pasture Crushed barley (4 kg 
DM/cow/day) 
AM pasture + 75% of the supplement 
at AM (Asynch). AM pasture + 75% 
No synchrony benefits were observed.  
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of the supplement at PM (Synch). PM 
pasture + 75% of the supplement at 
PM (PM) 
PM Pasture contained 52 g/kg DM units 
more WSC than morning pasture. Therefore, 
DDM intake was 2.5 kg/cow/d higher for PM 
than other treatments. Milk and protein yield, 
also BW were higher for PM compared with 
the other treatments 
  
Mitani et 
al. (2005) 
Holstein 
dairy cows  
Perennial Ryegrass and 
orchardgrass  
Corn silage based-
supplement 
Cows were grazed twice a day (1700-
1930 h) and (0530-0800h), and were 
supplemented at 2 hrs before grazing 
(pre-grazing) or immediately after 
grazing (post-grazing) 
Nitrogen intake tended to be higher for pre- 
than post-grazing. Milk N and N retention 
tended to be higher for pre-grazing compared 
with post-grazing cows (P= 0.06 and 0.05, 
respectively). Also, N retention: N intake 
was higher for pre- than post-grazing 
(P=0.04) 
 
Scaglia et 
al. (2009a; 
2009b) 
Crossbred 
steers 
Ryegrass pasture Corn gluten feed 
(CGF) at rate 0.5% of 
BW 
Steers were not supplemented 
(control) or supplemented at 0700 
(morning), 1200 (noon), or 1600 h 
(afternoon). 
Neither supplementation, nor 
supplementation time did enhance animal 
performance, beef production/ hectare, or 
profitability. However, morning 
supplementation had a higher kg produced 
per hectare compared with noon 
supplementation (P=0.042) 
   
Gregorini 
et al. 
(2010b) 
In vitro 
study; Dual 
flow 
continuous 
culture 
fermenter 
system  
 
Orchardgrass  herbage 
meal (23.5% CP) 
Corn silage Treatments included control (no 
supplement; 70 g DM herbage), and 
28 g of corn silage added either at 9 
(9BH) or at 1 h (1BH) before adding 
42 g DM herbage. 
Positive effect on fermentation products and 
N utilization when supplement was offered at 
9 rather than 1 h before the herbage meal. 
Propionate concentration was lower; R-NH3-
N concentration and effluent NH3-N flow 
were higher for 1BH than for 9BH  
Sheahan et 
al. (2013) 
Holstein- 
Friesian 
dairy cows 
Ryegrass-clover pasture Concentrate (distiller 
grain 35% DM, palm 
kernel expeller 25% 
DM, maize grain 15% 
DM and wheat 
middlings 15% DM)   
Treatments were herbage only 
(Control); pasture + 3 kg DM 
concentrate at am; pasture + 3 kg DM 
concentrate at pm 
Milk response to supplement (kg of milk/kg 
of DM supplement) tended to be higher 
(P<0.07) for cows supplemented at am than 
those supplemented at pm 
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timing of supplementation on herbage intake, animal performance and rumen 
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